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THYROID HORMONE ANALOGS 
AND METHODS OF USE 

FIELD OF THE INVENTION 

This invention relates to thyroid hormone, thyroid hormone analogs and derivatives, 
and polymeric form's thereof. Methods of using such compounds, and pharmaceutical 
compositions containing same are also disclosed. The invention also relates to methods of 
preparing such compounds. 

BACKGROUND OF THE INVENTION 

Thyroid hormones, L-thyroxin (T4) and L-triiodothyronine (T3), regulate many 
different physiological processes in different tissues in vertebrates. Most of the actions of 
thyroid hormones are mediated by the thyroid hormone receptor ("TR"), which is a member of 
the nuclear receptor superfamily of ligand-activated transcription regulators. This superfamily 
also includes receptors for steroid hormones, retinoids, and 1,25-dihydroxyvitamin D3. These 
receptors are transcription factors that can regulate expression of specific genes in various 
tissues and are targets for widely used drugs, such as tamoxifen, an estrogen receptor partial 
antagonist. There are two different genes that encode two different TRs, TRa and TRp. These 
two TRs are often co-expressed at different levels in different tissues. Most thyroid hormones 
do not discriminate between the two TRs and bind both with similar affinities. 

Gene knockout studies in mice indicate that TRp plays a role in the development of the 
auditory system and in the negative feedback of thyroid stimulating hormone by T3 in the 
pituitary, whereas TRa modulates the effect of thyroid hormone on calorigenesis and on the 
cardiovascular system. The identification of TR antagonists could play an important role in the 
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future treatment of hypothyroidism. Such molecules would act rapidly by directly antagonizing 
the effect of thyroid hormone at the receptor level, a significant improvement for individuals 
with hypothyroidism who require surgery, have cardiac disease, or are at risk for life- 
threatening thyrotoxic storm. 

5 Thus, there remains a need for the development of compounds that selectively modulate 

thyroid hormone action by functioning as isoform-selective agonists or antagonists of the 
thyroid hormone receptors (TRs) would prove useful for medical therapy. Recent efforts have 
focused on the design and synthesis of thyroid hormone (T3/T4) antagonists as potential 
therapeutic agents and chemical probes. There is also a need for the development of 
10 thyromimetic compounds that are more accessible than the natural hormone and have 
potentially useful receptor binding and activation properties. 

It is estimated that five million people are afflicted with chronic stable angina in the 
United States. Each year 200,000 people under the age of 65 die with what is termed 
"premature ischemic heart disease." Despite medical therapy, many go on to suffer myocardial 
1 5 infarction and debilitating symptoms prompting the need for revascularization with either 

percutaneous transluminal coronary angioplasty or coronary artery bypass surgery. It has been 
postulated that one way of relieving myocardial ischemia would be to enhance coronary 
collateral circulation. 

Correlations have now been made between the anatomic appearance of coronary 
20 collateral vessels ("collaterals") visualized at the time of intracoronary thrombolitic therapy 
during the acute phase of myocardial infarction and the creatine kinase time-activity curve, 
infarct size, and aneurysm formation. These studies demonstrate a protective role of collaterals 
in hearts with coronary obstructive disease, showing smaller infarcts, less aneurysm formation, 
and improved ventricular function compared with patients in whom collaterals were not 
25 visualized. When the cardiac myocyte is rendered ischemic, collaterals develop actively by 
growth with DNA replication and mitosis of endothelial and smooth muscle cells. Once 
ischemia develops, these factors are activated and become available for receptor occupation, 
which may initiate angiogenesis after exposure to exogenous heparin. Unfortunately, the 
"natural" process by which angiogenesis occurs is inadequate to reverse the ischemia in almost 
30 all patients with coronary artery disease. 
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During ischemia, adenosine is released through the breakdown of ATP. Adenosine 
participates in many cardioprotective biological events. Adenosine has a role in hemodynamic 
changes such as bradycardia and vasodilation, and adenosine has been suggested to have a role 
in such unrelated phenomena as preconditioning and possibly the reduction in reperfiision 
5 injury (Ely and Berne, Circulation, 85: 893 (1992). 

Angiogenesis is the development of new blood vessels from preexisting blood vessels 
(Mousa, S. A., In Angiogenesis Inhibitors and Stimulators: Potential Therapeutic Implications, 
Landes Bioscience, Georgetown, Texas; Chapter 1, (2000)). Physiologically, angiogenesis 
ensures proper development of mature organisms, prepares the womb for egg implantation, and 

10 plays a key role in wound healing. The development of vascular networks during 

embryogenesis or normal and pathological angiogenesis depends on growth factors and cellular 
interactions with the extracellular matrix (Breier et al., Trends in Cell Biology 6:454-456 
(1996); Folkman, Nature Medicine 1:27-31 (1995); Risau, Nature 386:671-674 (1997). Blood 
vessels arise during embryogenesis by two processes: vasculogenesis and angiogenesis (Blood 

15 et al., Bioch. Biophys. Acta 1032:89-1 18 (1990). Angiogenesis is amulti-step process 

controlled by the balance of pro- and anti-angiogenic factors. The latter stages of this process 
involve proliferation and the organization of endothelial cells (EC) into tube-like structures. 
Growth factors such as FGF2 and VEGF are thought to be key players in promoting endothelial 
cell growth and differentiation. 

20 Control of angiogenesis is a complex process involving local release of vascular growth 

factors (P Carmeliet, Ann NY Acad Sci 902:249-260, 2000), extracellular matrix, adhesion 
molecules and metabolic factors (RJ Tomanek, GC Schatteman, Anat Rec 261:126-135, 2000). 
Mechanical forces within blood vessels may also play a role (O Hudlicka, Molec Cell Biochem 
147:57-68, 1995). The principal classes of endogenous growth factors implicated in new blood 

25 vessel growth are the fibroblast growth factor (FGF) family and vascular endothelial growth 
factor (VEGF)(G Pages, Ann NY Acad Sci 902:187-200, 2000). The mitogen-activated protein 
kinase (MAPK; ERK1/2) signal transduction cascade is involved both in VEGF gene 
. expression and in control of proliferation of vascular endothelial cells. 

Intrinsic adenosine may facilitate the coronary flow response to increased myocardial 
30 oxygen demands and so modulate the coronary flow reserve (Ethier et al., Am. J. Physiol., 
H131 (1993) demonstrated that the addition of physiological concentrations of adenosine to 
human umbilical vein endothelial cell cultures stimulates proliferation, possibly via a surface 
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receptor. Adenosine may be a factor for human endothelial cell growth and possibly 
angiogenesis. Angiogenesis appears to be protective for patients with obstructive blood flow 
such as coronary artery disease ("CAD"), but the rate at which blood vessels grow naturally is 
inadequate to reverse the disease. Thus, strategies to enhance and accelerate the body's natural 
5 angiogenesis potential should be beneficial in patients with CAD. 

Similarly, wound healing is a major problem in many developing countries and 
diabetics have impaired wound healing and chronic inflammatory disorders, with increased use 
of various cyclooxygenase-2 (CoX2) inhibitors. Angiogenesis is necessary for wound repair 
since the new vessels provide nutrients to support the active cells, promote granulation tissue 

10 formation and facilitate the clearance of debris. Approximately 60% of the granulation tissue 
mass is composed of blood vessels which also supply the necessary oxygen to stimulate repair 
and vessel growth. It is well documented that angiogenic factors are present in wound fluid 
and promote repair while antiangiogenic factors inhibit repair. Wound angiogenesis is a 
complex multi-step process. Despite a detailed knowledge about many angiogenic factors, 

15 little progress has been made in defining the source of these factors, the .regulatory events 
involved in wound angiogenesis and in the clinical use of angiogenic stimulants to promote 
repair. Further complicating the understanding of wound angiogenesis and repair is the fact 
that the mechanisms and mediators involved in repair likely vary depending on the depth of the 
wound, type of wound (burn, trauma, etc.), and the location (muscle, skin, bone, etc.). The 

20 condition and age of the patient (diabetic, paraplegic, on steroid therapy, elderly vs infant, etc) 
can also determine the rate of repair and response to angiogenic factors. The sex of the patient 
and hormonal status (premenopausal, post menopausal, etc.) may also influence the repair 
mechanisms and responses. Impaired wound healing particularly affects the elderly and many 
of the 14 million diabetics in the United States. Because reduced angiogenesis is often a 

25 causative agent for wound healing problems in these patient populations, it is important to 

define the angiogenic factors important in wound repair and to develop clinical uses to prevent 
and/or correct impaired wound healing. 

Thus, there remains a need for an effective therapy in the way of angiogenic agents as 
either primary or adjunctive therapy for promotion of wound healing, coronary angiogenesis, or 
30 other angiogenic-related disorders, with minimum side effects. Such a therapy would be 
particularly useful for patients who have vascular disorders such as myocardial infarctions, 
stroke or peripheral artery diseases and could be used prophylactically in patients who have 
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poor coronary circulation, which places them at high risk of ischemia and myocardial 
infarctions. 

It is interesting to note that angiogenesis also occurs in other situations, but which are 
undesirable, including solid tumour growth and metastasis; rheumatoid arthritis; psoriasis; 
scleroderma; and three common causes of blindness - diabetic retinopathy, retrolental 
fibroplasia and neovascular glaucoma (in fact, diseases of the eye are almost always 
accompanied by vascularization. The process of wound angiogenesis actually has many 
features in common with tumour angiogenesis. Thus, there are some conditions, such as 
diabetic retinopathy or the occurrence of primary or metastatic tumors, where angiogenesis is 
undesirable. Thus, there remains a need for methods by which to inhibit the effect of 
angiogenic agents. 



SUMMARY OF THE INVENTION 

The invention is based, in part, on the discovery that thyroid hormone, thyroid hormone 
analogs, and their polymeric forms, act at the cell membrane level and have pro-angiogenic 
properties that are independent of the nuclear thyroid hormone effects. Accordingly, these 
thyroid hormone analogs and polymeric forms (i.e., angiogenic agents) can be used to treat a 
variety of disorders. Similarly, the invention is also based on the discovery that thyroid 
hormone analog antagonists inhibit the pro-angiogenic effect of such analogs, and can also be 
used to treat a variety of disorders. 

Accordingly, in one aspect the invention features methods for treating a condition 
amenable to treatment by promoting angiogenesis by administering to a subject in need thereof 
an amount of a polymeric form of thyroid hormone, or an analog thereof, effective for 
promoting angiogenesis. Examples of such conditions amenable to treatment by promoting 
angiogenesis are provided herein and can include occlusive vascular disease, coronary disease, 
erectile dysfunction, myocardial infarction, ischemia, stroke, peripheral artery vascular 
disorders, and wounds. 

Examples of thyroid hormone analogs are also provided herein and can include 
triiodothyronine (T3), levothyroxine (T4), 3,5-dimethyl-4-(4 , -hydroy-3 , -isopropylbenzyl)- 
phenoxy acetic acid (GC-1), or 3,5-diiodothyropropionic acid (DITPA), tetraiodothyroacetic 
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acid (TETRAC), and triiodothyroacetic acid (TRIAC). Additional analogs are in Figure 20 
Tables A-D. Thes analogs can be conjugated to polyvinyl alcohol, acrylic acid ethylene co- 
polymer, polylactic acid, or agarose. The conjugation is via covalent or non-covalent bonds 
depending on the polymer used. 

5 In one embodiment the thyroid hormone, thyroid hormone analogs, or polymeric forms 

thereof are administered by parenteral, oral, rectal, or topical means, or combinations thereof. 
Parenteral modes of administration include, for example, subcutaneous, intraperitoneal, 
intramuscular, or intravenous modes, such as by catheter. Topical modes of administration can 
include, for example, a band-aid. 

10 In another embodiment, the thyroid hormone, thyroid hormone analogs, or polymeric 

forms thereof can be encapsulated or incorporated in a microparticle, liposome, or polymer. 
The polymer can include, for example, polyglycolide, polylactide, or co-polymers thereof. The 
liposome or microparticle has a size of about less than 200 nanometers, and can be 
administered via one or more parenteral routes, or another mode of administration. In another 

15 embodiment the liposome or microparticle can be lodged in capillary beds surrounding 
ischemic tissue, or applied to the inside of a blood vessel via a catheter. 

Thyroid hormone, thyroid hormone analogs, or polymeric forms thereof according to 
the invention can also be co-administered with one or more biologically active substances that 
can include, for example, growth factors, vasodilators, anti-coagulants, anti-virals, anti- 
20 bacterials, anti-inflammatories, immuno-suppressants, analgesics, vascularizing agents, or cell 
adhesion molecules, or combinations thereof. In one embodiment, the thyroid hormone analog 
or polymeric form is administered as a bolus injection prior to or post-administering one or 
more biologically active substance. 

Growth factors can include, for example, transforming growth factor alpha (TGFa), 
25 transforming growth factor beta (TGFp), basic fibroblast growth factor, vascular endothelial 
growth factor, epithelial growth factor, nerve growth factor, platelet-derived growth factor, and 
vascular permeability factor. Vasodilators can include, for example, adenosine, adenosine 
derivatives, or combinations thereof. Anticoagulants include, but are not limited to, heparin, 
heparin derivatives, anti-factor Xa, anti-thrombin, aspirin, clopidgrel, or combinations thereof. 



30 



In another aspect of the invention, methods are provided for promoting angiogenesis 
along or around a medical device by coating the device with a thyroid hormone, thyroid 
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hormone analog, or polymeric form thereof according to the invention prior to inserting the 
device into a patient. The coating step can further include coating the device with one or more 
biologically active substance, such as, but not limited to, a growth factor, a vasodilator, an anti- 
coagulant, or combinations thereof. Examples of medical devices that can be coated with 
5 thyroid hormone analogs or polymeric forms according to the invention include stents, 
catheters, cannulas or electrodes. 

In a further aspect, the invention provides methods for treating a condition amenable to 
treatment by inhibiting angiogenesis by administering to a subject in need thereof an amount of 
an anti-angiogenesis agent effective for inhibiting angiogenesis. 

10 Examples of the conditions amenable to treatment by inhibiting angiogenesis include, 

but are not limited to, primary or metastatic tumors, diabetic retinopathy, and related 
conditions. Examples of the anti-angiogenesis agents used for inhibiting angiogenesis are also 
provided by the invention and include, but are not limited to, tetraiodothyroacetic acid 
(TETRAC), triiodothyroacetic acid (TRIAC), monoclonal antibody LM609, XT 199 or 

1 5 combinations thereof. Such anti-angiogenesis agents can act at the cell surface to inhibit the 
pro-angiogenesis agents. 

In one embodiment, the anti-angiogenesis agent is administered by a parenteral, oral, 
rectal, or topical mode, or combination thereof. In another embodiment, the anti-angiogenesis 
agent can be co-administered with one or more anti-angiogenesis therapies or chemotherapeutic 
20 agents. 

In yet a further aspect, the invention provides compositions (i.e., angiogenic agents) that 
include thyroid hormone, and analogs conjugated to a polymer. The conjugation can be 
through a covalent or non-covalent bond, depending on the polymer. A covalent bond can 
occur through an ester or anhydride linkage, for example. Examples of the thyroid hormone 
25 analogs are also provided by the instant invention and include levothyroxine (T4), 

triiodothyronine (T3), 3,5-dimethyl-4-(4 5 -hydroy-3'-isopropylbenzyl)-phenoxy acetic acid 
(GC-1), or 3,5-diiodothyropropionic acid (DITPA). In one embodiment, the polymer can 
include, but is not limited to, polyvinyl alcohol, acrylic acid ethylene co-polymer, polylactic 
acid, or agarose. 

30 In another aspect, the invention provides for pharmaceutical formulations including the 

angiogenic agents according to the present invention in a pharmaceutically acceptable carrier. 

7 
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In one embodiment, the pharmaceutical formulations can also include one or more 
pharmaceutical^ acceptable excipients. 

The pharmaceutical formulations according to the present invention can be encapsulated 
or incorporated in a liposome, microparticle, or polymer. The liposome or microparticle has a 
5 size of less than about 200 nanometers. Any of the pharmaceutical formulations according to 
the present invention can be administered via parenteral, oral, rectal, or topical means, or 
combinations thereof. In another embodiment, the pharmaceutical formulations can be co- 
administered to a subject in need thereof with one or more biologically active substances 
, including, but not limited to, growth factors, vasodilators, anti-coagulants, or combinations 
10 thereof 

The details of one or more embodiments of the invention have been set forth in the 
accompanying description below. Although any methods and materials similar or equivalent to 
those described herein can be used in the practice or testing of the present invention, the 
preferred methods and materials are now described. Other features, objects, and advantages of 

15 the invention will be apparent from the description and from the claims. In the specification 
and the appended claims, the singular forms include plural references unless the context clearly 
dictates otherwise. Unless defined otherwise, all technical and scientific terms used herein 
have the same meaning as commonly understood by one of ordinary skill in the art to which 
this invention belongs. All patents and publications cited in this specification are incorporated 

20 by reference in their entirety. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1. Effects of L-T4 and L-T3 on angiogenesis quantitated in the chick CAM 
assay. A, Control samples were exposed to PBS and additional samples to 1 nM T3 or 0.1 

25 |imol/L T4 for 3 days. Both hormones caused increased blood vessel branching in these 
representative images from 3 experiments. B, Tabulation of mean ±SEM of new branches 
formed from existing blood vessels during the experimental period drawn from 3 experiments, 
each of which included 9 CAM assays. At the concentrations shown, T3 and T4 caused similar 
effects (1.9-fold and 2.5-fold increases, respectively, in branch formation). **P<0.001 by 1- 

30 way ANOVA, comparing hormone-treated with PBS-treated CAM samples. 
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Figure 2. Tetrac inhibits stimulation of angiogenesis by T4 and agarose-linked T4 
(T4-ag). A, A 2.5-fold increase in blood vessel branch formation is seen in a representative 
CAM preparation exposed to 0.1 nmol/L T4 for 3 days. In 3 similar experiments, there was a 
2.3-fold increase. This effect of the hormone is inhibited by tetrac (0.1 nmol/L), a T4 analogue 
shown previously to inhibit plasma membrane actions of T4.13 Tetrac alone does not stimulate 
angiogenesis (C). B, T4-ag (0.1 nmol/L) stimulates angiogenesis 2.3-fold (2.9-fold in 3 
experiments), an effect also blocked by tetrac. C, Summary of the results of 3 experiments that 
examine the actions of tetrac, T4-ag, and T4 in the CAM assay. Data (means ±SEM) were 
obtained from 10 images for each experimental condition in each of 3 experiments. **P<0.001 
by ANOVA, comparing T4-treated and T4-agarose-treated samples with PBS-treated control 
samples. 

Figure 3. Comparison of the proangiogenic effects of FGF2 and T4. A, Tandem 
effects of T4 (0.05 pmol/L) and FGF2 (0.5 |ig/mL) in submaximal concentrations are additive 
in the CAM assay and equal the level of angiogenesis seen with FGF2 (1 jug/mL in the absence 
of T4). B, Summary of results from 3 experiments that examined actions of FGF2 and T4 in the 
CAM assay (means ±SEM) as in A. *P<0.05; **P<0.001, comparing results of treated samples 
with those of PBS-treated control samples in 3 experiments. 

Figure 4. Effect of anti-FGF2 on angiogenesis caused by T4 or exogenous FGF2. 

A, FGF2 caused a 2-fold increase in angiogenesis in the CAM model in 3 experiments, an 
effect inhibited by antibody (ab) to FGF2 (8 \xg). T4 also stimulated angiogenesis 1.5-fold, and 
this effect was also blocked by FGF2 antibody, indicating that the action of thyroid hormone in 
the CAM model is mediated by an autocrine/paracrine effect of FGF2 because T4 and T3 cause 
FGF2 release from cells in the CAM model (Table 1). We have shown previously that a 
nonspecific IgG antibody has no effect on angiogenesis in the CAM assay. B, Summary of 
results from 3 CAM experiments that studied the action of FGF2-ab in the presence of FGF2 or 
T4. *P<0.01; **P<0.001, indicating significant effects in 3 experiments studying the effects of 
thyroid hormone and FGF2 on angiogenesis and loss of these effects in the presence of 
antibody to FGF2. 

Figure 5. Effect of PD 98059, a MAPK (ERK1/2) signal transduction cascade 
inhibitor, on angiogenesis induced by T4,T3, and FGF2. A, Angiogenesis stimulated by T4 
(0.1 pmol/L) and T3 (1 nmol/L) together is fully inhibited by PD 98059 (3 nmol/L). B, 
Angiogenesis induced by FGF2 (1 ^ig/mL) is also inhibited by PD 98059, indicating that the 
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action of the growth factor is also dependent on activation of the ERK1/2 pathway. In the 
context of the experiments involving T4-agarose (T4-ag) and tetrac (Figure2) indicating that 
T4 initiates its proangiogenic effect at the cell membrane, results shown in A and B are 
consistent with 2 roles played by MAPK in the proangiogenic action of thyroid hormone: 
ERK1/2 transduces the early signal of the hormone that leads to FGF2 elaboration and 
transduces the subsequent action of FGF2 on angiogenesis. C, Summary of results of 3 
experiments, represented by A and B, showing the effect of PD98059 on the actions of T4 and 
FGF2 in the CAM model 

*P<0.01; **P<0.001, indicating results of ANOVA on data from 3 experiments. 

Figured T4 and FGF2 activate MAPK in ECV304 endothelial cells. Cells were 
prepared in Ml 99 medium with 0.25% hormone-depleted serum and treated with T4 (0.1 
pmol/L) for 15 minutes to 6 hours. Cells were harvested and nuclear fractions prepared as 
described previously. Nucleoproteins, separated by gel electrophoresis, were immunoblotted 
with antibody to phosphorylated MAPK (pERKl and pERK2, 44 and 42 kDa, respectively), 
followed by a second antibody linked to a luminescence-detection system. A p-actin 
immunoblot of nuclear fractions serves as a control for gel loading in each part of this figure. 
Each immunoblot is representative of 3 experiments. A, T4 causes increased phosphorylation 
and nuclear translocation of ERK1/2 in ECV304 cells. The effect is maximal in 30 minutes, 
although the effect remains for >6 hours. B, ECV304 cells were treated with the ERK1/2 
activation inhibitor PD 98059 (PD; 30 |nmol/L) or the PKC inhibitor CGP41251 (CGP; 100 
nmol/L) for 30 minutes, after which 10 " 7 M T4 was added for 15 minutes to cell samples as 
shown. Nuclei were harvested, and this representative experiment shows increased 
phosphorylation (activation) of ERK1/2 by T4 (lane 4), which is blocked by both inhibitors 
(lanes 5 and 6), suggesting that PKC activity is a requisite for MAPK activation by T4 in 
endothelial cells. C, ECV304 cells were treated with either T4 (10 " 7 mol/L), FGF2 (10 ng/mL), 
or both agents for 15 minutes. The figure shows pERKl/2 accumulation in nuclei with either 
hormone or growth factor treatment and enhanced nuclear pERKl/2 accumulation with both 
agents together. 

Figure 7. T4 increases accumulation of FGF2 cDNA in ECV304 endothelial cells. 

Cells were treated for 6 to 48 hours with T4 (10 " 7 mol/L) and FGF2 and GAPDH cDNAs 
isolated from each cell aliquot. The levels of FGF2 cDNA, shown in the top blot, were 
corrected for variations in GAPDHcUNA content, shown in the bottom blot, and the corrected 

10 
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levels of FGF2 are illustrated below in the graph (mean ±SE of mean; n = 2 experiments). 
There was increased abundance of FGF2 transcript in RNA extracted from cells treated with 
T4 at all time points. *P<0.05; **P<0.01, indicating comparison by ANOVA of values at each 
time point to control value. 

Figure 8. 7 Day Chick Embryo Tumor Growth Model. Illustration of the Chick 
Chorioallantoic Membrane (CAM) model of tumor implant. 

Figured T4 Stimulates 3D Wound Healing. Photographs of human dermal 
fibroblast cells exposed to T4 and control, according to the 3D Wound Healing Assay 
described herein. 

Figure 10. T4 Dose-Dependently Increases Wound Healing, Day 3. As indicated by 
the graph, T4 increases wound healing (measured by outmigrating cells) in a dose-dependent 
manner between concentrations of 0.1 fiM and l.OfiM. This same increase is not seen in 
concentrations of T4 between l.OjxM and 3.0pM. 

Figure 11. Effect of unlabeled T 4 and T 3 on I125 -T 4 binding to purified integrin. 

Unlabeled T 4 (10^M to 10" n M) or T 3 (lO^M to 10" 8 M) were added to purified aVp3 integrin 
(2ng/sample) and allowed to incubate for 30 min. at room temperature. Two microcuries of I- 
125 labeled T 4 was added to each sample. The samples were incubated for 20 min. at room 
temperature, mixed with loading dye, and run on a 5% Native gel for 24 hrs. at 4°C at 45mA. 
Following electrophoresis, the gels were wrapped in plastic wrap and exposed to film. ! " ,25 -T 4 
binding to purified aVp3 is unaffected by unlabeled T 4 in the range of 10" n M to 10" 7 M, but is 
competed out in a dose-dependent manner by unlabeled T 4 at a concentration of lO^M. Hot T 4 
binding to the integrin is almost completely displaced by 10^M unlabeled T 4 . T 3 is less 
effective at competing out T 4 binding to aVp3, reducing the signal by 1 1 %, 1 6%, and 28% at 
10%, 10" 5 M, and 10% T 3 , respectively. 

Figure 12. Tetrac and an RGD containing peptide, but not an RGE containing 
peptide compete out T 4 binding to purified aVp3. A) Tetrac addition to purified aVp3 
reduces M25 -labeled T 4 binding to the integrin in a dose dependent manner. 10" 8 M tetrac is 
ineffective at competing out hot T 4 binding to the integrin. The association of T 4 and aVp3 
was reduced by 38% in the presence of 10" 7 M tetrac and by 90% with 10" 5 M tetrac. Addition 
of an RGD peptide at competes out T 4 binding to aVp3. Application of 10~ 5 M and 10" 
*M RGE peptide, as a control for the RGD peptide, was unable to diminish hot T 4 binding to 
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purified aV03. B) Graphical representation of the tetrac and RGD data from panel A. Data 
points are shown as the mean ± S.D. for 3 independent experiments. 

Figure 13. Effects of the monoclonal antibody LM609 on T 4 binding to aVp3. A) 

LM609 was added to aV03 at the indicated concentrations. One \ig of LM609 per sample 
5 reduces U125 -labeled T 4 binding to the integrin by 52%. Maximal inhibition of T 4 binding to the 
integrin is reached when concentrations of LM609 are 2jig per sample and is maintained with 
antibody concentrations as high as 8jxg. As a control for antibody specificity, 10ng/sample 
Cox-2 mAB and 1 Op,g/sample mouse IgG were added to aVf}3 prior to incubation with T 4 . B) 
Graphical representation of data from panel A. Data points are shown as the mean ± S.D. for 3 
10 independent experiments. 

Figure 14. Effect of RGD, RGE, tetrac, and the mAB LM609 on T 4 -induced 
MAPK activation. A) CV-1 cells (50-70% confluency) were treated for 30 min. with 10' 7 M 
T 4 (10" 7 M total concentration, 10' 10 M free concentration. Selected samples were treated for 16 
hrs with the indicated concentrations of either an RGD containing peptide, an RGE containing 

15 peptide, tetrac, or LM609 prior to the addition of T 4 . Nuclear proteins ere separated by SDS- 
PAGE and immunoblotted with anti-phospho-MAPK (pERKl/2) antibody. Nuclear 
accumulation of pERKl/2 is diminished in samples treated with 10" 6 M RGD peptide or higher, 
but not significantly altered in samples treated with 10" 4 M RGE. pERKl/2 accumulation is 
decreased 76% in CV1 cells treated with 10" 6 M tetrac, while 10" 5 M and higher concentrations 

20 of tetrac reduce nuclear accumulation of pERKl/2 to levels similar to the untreated control 
samples. The monoclonal antibody to aVp3 LM609 decrease accumulation of activated 
MAPK in the nucleus when it is applied to CV1 cultures a concentration of l|ig/ml. B) 
Graphical representation of the data for RGD, RGE, and tetrac shown in panel A. Data points 
represent the mean ± S.D. for 3 separate experiments. 

25 Figure 15. Effects of siRNA to aV and p3 on T 4 induced MAPK activation- CV1 

cells were transfected with siRNA (100 nM final concentration) to aV, 03, or aV and p3 
together. Two days after transfection, the cells were treated with 10~ 7 M T 4 . A) RT-PCR was 
performed from RNA isolated from each transfection group to verify the specificity and 
functionality of each siRNA. B) Nuclear proteins from each transfection were isolated and 

30 subjected to SDS-PAGE. 
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Figure 16. Inhibitory Effect of aVp3 mAB (LM609) on T 4 -stimulated Angiogenesis 
in the CAM Model. A) Samples were exposed to PBS, T 4 (0.1 nM), or T 4 plus lOmg/ml 
LM609 for 3 days. Angiogenesis stimulated by T 4 is substantially inhibited by the addition of 
the aVp3 monoclonal antibody LM609. B) Tabulation of the mean ± SEM of new branches 
formed from existing blood vessels during the experimental period. Data was drawn from 3 
separate experiments, each containing 9 samples in each treatment group. C, D) Angiogenesis 
stimulated by T4 or FGF2 is also inhibited by the addition of the aV{53 monoclonal antibody 
LM609orXT199. 

Figure 17. Polymer Compositions of Thyroid Hormone Analogs - Polymer 
Conjugation Through an Ester Linkage Using Polyvinyl Alcohol. In this preparation 
commercially available polyvinyl alcohol (or related co-polymers) can be esterified by 
treatment with the acid chloride of thyroid hormone analogs, namely the acid chloride form. 
The hydrochloride salt is neutralized by the addition of triethylamine to afford triethylamine 
hydrochloride which can be washed away with water upon precipitation of the thyroid hormone 
ester polymer form for different analogs. The ester linkage to the polymer may undergo 
hydrolysis in vivo to release the active pro-angiogenesis thyroid hormone analog. 

Figure 18. Polymer Compositions of Thyroid Hormone Analogs - Polymer 
Conjugation Through an Anhydride Linkage Using Acrylic Acid Ethylene Co-polymer. 

This is similar to the previous polymer covalent conjugation however this time it is through an 
anhydride linkage that is derived from reaction of an acrylic acid co-polymer. This anhydride 
linkage is also susceptible to hydrolysis in vivo to release thyroid hormone analog. 
Neutralization of the hydrochloric acid is accomplished by treatment with triethylamine and 
subsequent washing of the precipitated polyanhydride polymer with water removes the 
Iriethylamine hydrochloride byproduct. This reaction will lead to the formation of Thyroid 
hormone analog acrylic acid co-polymer + triethylamine. Upon in vivo hydrolysis, the thyroid 
hormone analog will be released over time that can be controlled plus acrylic acid ethylene Co- 
polymer. 

Figure 19. Polymer Compositions of Thyroid Hormone Analogs - Entrapment in a 
Polylactic Acid Polymer. Polylactic acid polyester polymers (PLA) undergo hydrolysis in 
vivo to the lactic acid monomer and this has been exploited as a vehicle for drug delivery 
systems in humans. Unlike the prior two covalent methods where the thyroid hormone analog 
is linked by a chemical bond to the polymer, this would be a non-covalent method that would 
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encapsulate the thyroid hormone analog into PLA polymer beads. This reaction will lead to the 
formation of Thyroid hormone analog containing PLA beads in water. Filter and washing will 
result in the formation of thyroid hormone analog containing PLA beads, which upon in vivo 
hydrolysis will lead to the generation of controlled levels of thyroid hormone plus lactic acid. 

5 

Figure 20. Thyroid Hormone Analogs Capable of Conjugation with Various 
Polymers. A-D show substitutions required to achieve various thyroid hormone analogs which 
can be conjugated to create polymeric forms of thyroid hormone analogs of the invention. 

10 DETAILED DESCRIPTION OF THE INVENTION 

The features and other details of the invention will now be more particularly described 
with references to the accompanying drawings, and as pointed out by the claims. For 
convenience, certain terms used in the specification, examples and claims are collected here: 
Unless otherwise defined, all technical and scientific terms used herein have the same meaning 
15 as commonly understood by one of ordinary skill in the art to which this invention pertains. 

As used herein, the term "angiogenic agent" includes any compound or substance that 
promotes or encourages angiogenesis, whether alone or in combination with another substance. 
Examples include, but are not limited to, T3, T4, T3 or T4-agarose, polymeric analogs of T3, 
T4, 3,5-dimethyl-4-(4 , -hydroy-3 ? -isopropylbenzyl)-phenoxy acetic acid (GC-1), or DITPA. In 
20 contrast, the terms "anti-angiogenesis agent" or anti-angiogenic agent" refer to any compound 
or substance that inhibits or discourages angiogenesis, whether alone or in combination with 
another substance. Examples include, but are not limited to, TETRAC, TRIAC, XT 199, and 
mAb LM609. 

As used herein, the term "myocardial ischemia" is defined as an insufficient blood 
25 supply to the heart muscle caused by a decreased capacity of the heart vessels. As used herein, 
the term "coronary disease" is defined as diseases/disorders of cardiac function due to an 
imbalance between myocardial function and the capacity of coronary vessels to supply 
sufficient blood flow for normal function. Specific coronary diseases/disorders associated with 
coronary disease which can be treated with the compositions and methods described herein 
30 include myocardial ischemia, angina pectoris, coronary aneurysm, coronary thrombosis, 
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coronary vasospasm, coronary artery disease, coronary heart disease, coronary occlusion and 
coronary stenosis. 

As used herein the term "occlusive peripheral vascular disease" (also known as 
peripheral arterial occlusive disorder) is a vascular disorder-involving blockage in the carotid or 
5 femoral arteries, including the iliac artery. Blockage in the femoral arteries causes pain and 
restricted movement. A specific disorder associated with occlusive peripheral vascular disease 
is diabetic foot, which affects diabetic patients, often resulting in amputation of the foot. 

As used herein the terms "regeneration of blood vessels," "angiogenesis," 
"revascularization," and "increased collateral circulation" (or words to that effect) are 

10 considered as synonymous. The term "pharmaceutically acceptable" when referring to a natural 
or synthetic substance means that the substance has an acceptable toxic effect in view of its 
much greater beneficial effect, while the related the term, "physiologically acceptable," means 
the substance has relatively low toxicity. The term, "co-administered" means two or more 
drugs are given to a patient at approximately the same time or in close sequence so that their 

15 effects run approximately concurrently or substantially overlap. This term includes sequential 
as well as simultaneous drug administration. 

"Pharmaceutically acceptable salts" refers to pharmaceutically acceptable salts of 
thyroid hormone analogs, polymeric forms, and derivatives, which salts are derived from a 
variety of organic and inorganic counter ions well known in the art and include, by way of 
20 example only, sodium, potassium, calcium, magnesium, ammonium, tetra-alkyl ammonium, 
and the like; and when the molecule contains a basic functionality, salts of organic or inorganic 
acids, such as hydrochloride, hydrobromide, tartrate, mesylate, acetate, maleate, oxalate and the 
like can be used as the pharmaceutically acceptable salt. 

"Subject" includes living organisms such as humans, monkeys, cows, sheep, horses, 
25 pigs, cattle, goats, dogs, cats, mice, rats, cultured cells therefrom, and transgenic species 
thereof. In a preferred embodiment, the subject is a human. Administration of the 
compositions of the present invention to a subject to be treated can be carried out using known 
procedures, at dosages and for periods of time effective to treat the condition in the subject. An 
effective amount of the therapeutic compound necessary to achieve a therapeutic effect may 
30 vary according to factors such as the age, sex, and weight of the subject, and the ability of the 
therapeutic compound to treat the foreign agents in the subject. Dosage regimens can be 
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adjusted to provide the optimum therapeutic response. For example, several divided doses may 
be administered daily or the dose may be proportionally reduced as indicated by the exigencies 
of the therapeutic situation. 

"Administering" includes routes of administration which allow the compositions of the 
5 invention to perform their intended function, e.g., promoting angiogenesis. A variety of routes 
of administration are possible including, but not necessarily limited to parenteral {e.g., 
intravenous, intra-arterial, intramuscular, subcutaneous injection), oral {e.g., dietary), topical, 
nasal, rectal, or via slow releasing microcarriers depending on the disease or condition to be 
treated. Oral, parenteral and intravenous administration are preferred modes of administration. 

10 Formulation of the compound to be administered will vary according to the route of 

administration selected {e.g., solution, emulsion, gels, aerosols, capsule). An appropriate 
composition comprising the compound to be administered can be prepared in a physiologically 
acceptable vehicle or carrier and optional adjuvants and preservatives. For solutions or 
emulsions, suitable carriers include, for example, aqueous or alcoholic/aqueous solutions, 

15 emulsions or suspensions, including saline and buffered media, sterile water, creams, 
ointments, lotions, oils, pastes and solid carriers. Parenteral vehicles can include sodium 
chloride solution, Ringer's dextrose, dextrose and sodium chloride, lactated Ringer's or fixed 
oils. Intravenous vehicles can include various additives, preservatives, or fluid, nutrient or 
electrolyte replenishes {See generally, Remington *s Pharmaceutical Science, 16th Edition, 

20 Mack, Ed. (1980)). 

"Effective amount" includes those amounts of pro-angiogenic or anti-angiogenic 
compounds which allow it to perform its intended function, e.g., promoting or inhibiting 
angiogenesis in angiogenesis-related disorders as described herein. The effective amount will 
depend upon a number of factors, including biological activity, age, body weight, sex, general 

25 health, severity of the condition to be treated, as well as appropriate pharmacokinetic 

properties. For example, dosages of the active substance maybe from about O.Olmg/kg/day to 
about 500mg/kg/day, advantageously from about O.lmg/kg/day to about lOOmg/kg/day. A 
therapeutically effective amount of the active substance can be administered by an appropriate 
route in a single dose or multiple doses. Further, the dosages of the active substance can be 

30 proportionally increased or decreased as indicated by the exigencies of the therapeutic or 
prophylactic situation. 
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"Pharmaceutically acceptable carrier" includes any and all solvents, dispersion media, 
coatings, antibacterial and antifungal agents, isotonic and absorption delaying agents, and the 
like which are compatible with the activity of the compound and are physiologically acceptable 
to the subject. An example of a pharmaceutically acceptable carrier is buffered normal saline 
5 (0.1 5M NaCl). The use of such media and agents for pharmaceutically active substances is 
well known in the art. Except insofar as any conventional media or agent is incompatible with 
the therapeutic compound, use thereof in the compositions suitable for pharmaceutical 
administration is contemplated. Supplementary active compounds can also be incorporated 
into the compositions. 

1 0 "Additional ingredients" include, but are not limited to, one or more of the following: 

excipients; surface active agents; dispersing agents; inert diluents; granulating and 
disintegrating agents; binding agents; lubricating agents; sweetening agents; flavoring agents; 
coloring agents; preservatives; physiologically degradable compositions such as gelatin; 
aqueous vehicles and solvents; oily vehicles and solvents; suspending agents; dispersing or 

15 wetting agents; emulsifying agents, demulcents; buffers; salts; thickening agents; fillers; 
emulsifying agents; antioxidants; antibiotics; antifungal agents; stabilizing agents; and 
pharmaceutically acceptable polymeric or hydrophobic materials. Other "additional 
ingredients" which may be included in the pharmaceutical compositions of the invention are 
known in the art and described, e.g., in Remington 's Pharmaceutical Sciences. 

20 Compositions 

Disclosed herein are angiogenic agents comprising thyroid hormones, analogs thereof, 
and polymer conjugations of the hormones and their analogs. The disclosed compositions can 
be used for promoting angiogenesis to treat disorders wherein angiogenesis is beneficial. 
Additionally, the inhibition of these thyroid hormones, analogs and polymer conjugations can 

25 be used to inhibit angiogenesis to treat disorders associated with such undesired angiogenesis. 

i 

As used herein, the term "angiogenic agent" includes any compound or substance that promotes 
or encourages angiogenesis, whether alone or in combination with another substance. 
Examples include, but are not limited to, T3, T4, T3 or T4-agarose, polymeric analogs of T3, 
T4, 3,5-dimethyl-4-(4'-hydroy-3'-isopropylbenzyl)-phenoxy acetic acid (GC-1), or DITPA. 

30 Polymer conjugations are used to improve drug viability. While many old and new 

therapeutics are well-tolerated, many compounds need advanced drug discovery technologies 
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to decrease toxicity, increase circulatory time, or modify biodistribution. One strategy for 
improving drug viability is the utilization of water-soluble polymers. Various water-soluble 
polymers have been shown to modify biodistribution, improve the mode of cellular uptake, 
change the permeability through physiological barriers, and modify the rate of clearance 
5 through the body. To achieve either a targeting or sustained-release effect, water-soluble 
polymers have been synthesized that contain drug moieties as terminal groups, as part of the 
backbone, or as pendent groups on the polymer chain. 

Representative compositions of the present invention include thyroid hormone or 
analogs thereof conjugated to polymers. Conjugation with polymers can be either through 

10 covalent or non-covalent linkages. In preferred embodiments, the polymer conjugation can 
occur through an ester linkage or an anhydride linkage. An example of a polymer conjugation 
through an ester linkage using polyvinyl alcohol is shown in Figure 17. In this preparation 
. commercially available polyvinyl alcohol (or related co-polymers) can be esterified by 
treatment with the acid chloride of thyroid hormone analogs, including the acid chloride form. 

1 5 The hydrochloride salt is neutralized by the addition of triethylamine to afford triethylamine 
hydrochloride which can be washed away with water upon precipitation of the thyroid hormone 
ester polymer form for different analogs. The ester linkage to the polymer may undergo 
hydrolysis in vivo to release the active pro-angiogenesis thyroid hormone analog. 

An example of a polymer conjugation through an anhydride linkage using acrylic acid 
20 ethylene co-polymer is shown in Figure 18. This is similar to the previous polymer covalent 
conjugation, however, this time it is through an anhydride linkage that is derived from reaction 
of an acrylic acid co-polymer. This anhydride linkage is also susceptible to hydrolysis in vivo 
to release thyroid hormone analog. Neutralization of the hydrochloric acid is accomplished by 
1 treatment with triethylamine and subsequent washing of the precipitated polyanhydride 
25 polymer with water removes the triethylamine hydrochloride byproduct. This reaction will 
lead to the formation of Thyroid hormone analog acrylic acid co-polymer + triethylamine. 
Upon in vivo hydrolysis, the thyroid hormone analog will be released over time that can be 
controlled plus acrylic acid ethylene Co-polymer. 

Another representative polymer conjugation includes thyroid hormone or its analogs 
30 conjugated to polyethylene glycol (PEG). Attachment of PEG to various drugs, proteins and 
liposomes has been shown to improve residence time and decrease toxicity. PEG can be 
coupled to active agents through the hydroxyl groups at the ends of the chains and via other 
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chemical methods. Peg itself, however, is limited to two active agents per molecule. In a 
different approach, copolymers of PEG and amino acids were explored as novel biomaterials 
which would retain the biocompatibility properties of PEG, but which would have the added 
advantage of numerous attachment points per molecule and which could be synthetically 
designed to suit a variety of applications. 

Another representative polymer conjugation includes thyroid hormone or its analogs in 
non-covalent conjugation with polymers. This is shown in detail in Figure 19. A preferred non- 
covalent conjugation is entrapment of thyroid hormone or analogs thereof in a polylactic acid 
polymer. Polylactic acid polyester polymers (PLA) undergo hydrolysis in vivo to the lactic 
acid monomer and this has been exploited as a vehicle for drug delivery systems in humans. 
Unlike the prior two covalent methods where the thyroid hormone analog is linked by a 
chemical bond to the polymer, this would be a non-covalent method that would encapsulate the 
thyroid hormone analog into PLA polymer beads. This reaction will lead to the formation of 
Thyroid hormone analog containing PLA beads in water. Filter and washing will result in the 
formation of thyroid hormone analog containing PLA beads, which upon in vivo hydrolysis 
hydrolysis will lead to the generation of controlled levels of thyroid hormone plus lactic acid. 

Furthermore, nanotechnology can be used for the creation of useful materials and 
structures sized at the nanometer scale. The main drawback with biologically active substances 
is fragility. Nanoscale materials can be combined with such biologically active substances to 
dramatically improve the durability of the substance, create localized high concentrations of the 
substance and reduce costs by minimizing losses. Therefore, additional polymeric conjugations 
include nano-particle formulations of thyroid hormones and analogs thereof . In such an 
embodiment, nano-polymers and nano-particles can be used as a marix for local delivery of 
thyrid hormone and its analogs. This will aid in time controlled delivery into the cellular and 
tissue target. 

Compositions of the present invention include both thyroid hormone, analogs, and 
derivatives either alone or in covalent or non-covalent conjugation with polymers. Examples of 
representative analogs and derivatives are shown in Figure 20, Tables A-D. Table A shows T2, 
T3, T4, and brorno-derivatives. Table B shows alanyl side chain modifications. Table C 
shows hydroxy groups, diphenyl ester linkages, and D-configurations. Table D shows tyrosine 
analogs. 
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The terms "anti-angiogenesis agent 5 * or anti-angiogenic agent" refer to any compound 
or substance that inhibits or discourages angiogenesis, whether alone or in combination with 
another substance. Examples include, but are not limited to, TETRAC, TRIAC, XT 199, and 
mAb LM609. 

The Role of Thyroid Hormone. An alogs, and Polymeric Conjugations in Promoting Angiogenesis 

The pro-angiogenic effect of thyroid hormone analogs or polymeric forms depends 
upon a non-genomic initiation, as tested by the susceptibility of the hormonal effect to 
reduction by pharmacological inhibitors of the MAPK signal transduction pathway. Such 
results indicates that another consequence of activation of MAPK by thyroid hormone is new 
blood vessel growth. The latter is initiated nongenomically, but of course, requires a 
consequent complex gene transcription program. The ambient concentrations of thyroid 
hormone are relatively stable. The CAM model, at the time we tested it, was thyroprival and 
thus may be regarded as a system, which does not reproduce the intact organism. 

The availability of a chick chorioallantoic membrane (CAM) assay for angiogenesis has 
provided a model in which to quantitate angiogenesis and to study possible mechanisms 
involved in the induction by thyroid hormone of new blood vessel growth. The present 
application discloses a pro-angiogenic effect of T 4 that approximates that in the CAM model of 
FGF2 and that can enhance the action of suboptimal doses of FGF2. It is further disclosed that 
the pro-angiogenic effect of the hormone is initiated at the plasma membrane and is dependent 
upon activation by T 4 of the MAPK signal transduction pathway. As provided above, methods 
for treatment of occlusive peripheral vascular disease and coronary diseases, in particular, the 
occlusion of coronary vessels, and disorders associated with the occlusion of the peripheral 
vasculature and/or coronary blood vessels are disclosed. Also disclosed are compositions and 
methods for promoting angiogenesis and/or recruiting collateral blood vessels in a patient in 
need thereof The compositions include an effective amount of Thyroid hormone analogs, 
polymeric forms, and derivatives. The methods involve the co-administration of an effective 
amount of thyroid hormone analogs, polymeric forms, and derivatives in low, daily dosages for 
a week or more with other standard pro-angiogenesis growth factors, vasodilators, 
anticoagulants, thrombolytics or other vascular-related therapies. 

The CAM assay has been used to validate angiogenic activity of a variety of growth 
factors and compounds believed to promote angiogenesis. For example, T 4 in physiological 
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concentrations was shown to be pro-angiogenic in this in vitro model and on a molar basis to 
have the activity of FGF2. The presence of PTU did not reduce the effect of T 4 , indicating that 
de-iodination of T 4 to generate T 3 was not a prerequisite in this model. A summary of the pro- 
angiogenesis effects of various thyroid hormone analogs is listed in Tabel 1. 

5 Table 1. Pro-angiogenesis Effects of Various Thyroid Hormone Analogs in the CAM 
Model 



TREATMENT 


ANGIOGENESIS INDEX 


PBS (Control) 


89.4 ±9.3 


DITPA(0.01uM) 


133.0±11.6 


DITPA(O.luM) 


167.3 ±12.7 


DITPA(0.2mM) 


117.9 ±5.6 


GC-1 (0.01 uM) 


169.6 ±11.6 


GC-1 (0.1 uM) 


152.7 ±9.0 


T4 agarose (O.luM) 


195.5 + 8.5 


T4 (O.luM) 


143.8 ±7.9 


FGF2 (1 ug) 


155 ±9 



n = 8 per group 



10 The appearance of new blood vessel growth in this model requires several days, 

indicating that the effect of thyroid hormone was wholly dependent upon the interaction of the 
nuclear receptor for thyroid hormone (TR) with the hormone. Actions of iodothyronines that 
require intranuclear complexing of TR with its natural ligand, T 3 , are by definition, genomic, 
and culminate in gene expression. On the other hand, the preferential response of this model 

1 5 system to T 4 -rather than T 3 , the natural ligand of TR-raised the possibility that angiogenesis 
might be initiated nongenomically at the plasma membrane by T4 and culminate in effects that 
require gene transcription. Non-genomic actions of T 4 have been widely described, are usually 
initiated at the plasma membrane and may be mediated by signal transduction pathways. They 
do not require intranuclear ligand of iodothyronine and TR, but may interface with or modulate 

20 gene transcription. Non-genomic actions of steroids have also been well described and are 
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known to interface with genomic actions of steroids or of other compounds. Experiments 
carried out with T 4 and tetrac or with agarose-T 4 indicated that the pro-angiogenic effect of T 4 
indeed very likely was initiated at the plasma membrane. Tetrac blocks membrane-initiated 
effects of T 4 , but does not, itself, activate signal transduction. Thus, it is a probe for non- 
5 genomic actions of thyroid hormone. Agarose-T 4 is thought not to gain entry to the cell interior 
and has been used to examine models for possible cell surface-initiated actions of the hormone. 

In part, this invention provides compositions and methods for promoting angiogenesis 
in a subject in need thereof. Conditions amenable to treatment by promoting angiogenesis 
include, for example, occlusive peripheral vascular disease and coronary diseases, in particular, 

10 the occlusion of coronary vessels, and disorders associated with the occlusion of the peripheral 
vasculature and/or coronary blood vessels, erectile dysfunction, stroke, and wounds. Also 
disclosed are compositions and methods for promoting angiogenesis and/or recruiting collateral 
blood vessels in a patient in need thereof. The compositions include an effective amount of 
polymeric forms of thyroid hormone analogs and derivatives and an effective amount of an 

15 adenosine and/or nitric oxide donor. The compositions can be in the form of a sterile, 

injectable, pharmaceutical formulation that includes an angiogenically effective amount of 
thyroid hormone-like substance and adenosine derivatives in a physiologically and 
pharmaceutically acceptable carrier, optionally with one or more excipients. 

Myocardial Infarction 

20 A major reason for heart failure following acute myocardial infarction is an inadequate 

response of new blood vessel formation, i.e., angiogenesis. Thyroid hormone and its analogs 
are beneficial in heart failure and stimulate coronary angiogenesis. The methods of the 
invention include, in part, delivering a single treatment of a thyroid hormone analog at the time 
of infarction either by direct injection into the myocardium, or by simulation of coronary 

25 injection by intermittent aortic ligation to produce transient isovolumic contractions to achieve 
angiogenesis and/or ventricular remodeling. 

Accordingly, in one aspect the invention features methods for treating occlusive 
vascular disease, coronary disease, myocardial infarction, ischemia, stroke, and/or peripheral 
artery vascular disorders by promoting angiogenesis by administering to a subject in need 
30 thereof an amount of a polymeric form of thyroid hormone, or an analog thereof, effective for 
promoting angiogenesis. 
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Examples of polymeric forms of thyroid hormone analogs are also provided herein and 
can include triiodothyronine (T3), levothyroxine (T4), (GC-1), or 3,5-diiodothyropropionic 
acid (DITPA) conjugated to polyvinyl alcohol, acrylic acid ethylene co-polymer, polylactic 
acid, or agarose. 

The methods also involve the co-administration of an effective amount of thyroid 
hormone-like substance and an effective amount of an adenosine and/or NO donor in low, daily 
dosages for a week or more. One or both components can be delivered locally via catheter. 
Thyroid hormone analogs, and derivatives in vivo can be delivered to capillary beds 
surrounding ischemic tissue by incorporation of the compounds in an appropriately sized 
liposome or microparticle. Thyroid hormone analogs, polymeric forms and derivatives can be 
targeted to ischemic tissue by covalent linkage with a suitable antibody. 

The method may be used as a treatment to restore cardiac function after a myocardial 
infarction. The method may also be used to improve blood flow in patients with coronary artery 
disease suffering from myocardial ischemia or inadequate blood flow to areas other than the 
heart including, for example, occlusive peripheral vascular disease (also known as peripheral 
arterial occlusive disease), or erectile dysfunction. 

Wound Healing 

Wound angiogenesis is an important part of the proliferative phase of healing. Healing 
of any skin wound other than the most superficial cannot occur without angiogenesis. Not only 
does any damaged vasculature need to be repaired, but the increased local cell activity 
necessary for healing requires an increased supply of nutrients from the bloodstream. 
Moreover, the endothelial cells which form the lining of the blood vessels are important in 
themselves as organizers and regulators of healing. 

Thus, angiogenesis provides a new microcirculation to support the healing wound. The 
new blood vessels become clinically visible within the wound space by four days after injury. 
Vascular endothelial cells, fibroblasts, and smooth muscle cells all proliferate in coordination to 
support wound granulation. Simultaneously, re-epithelialization occurs to reestablish the 
epithelial cover. Epithelial cells from the wound margin or from deep hair follicles migrate 
across the wound and establish themselves over the granulation tissue and provisional matrix. 
Growth factors such as keratinocyte growth factor (KGF) mediate this process. Several models 
(sliding versus rolling cells) of epithelialization exist. 
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As thyroid hormones regulate metabolic rate, when the metabolism slows down due to 
hypothyroidism, wound healing also slows down. The role of topically applied thyroid 
hormone analogs or polymeric forms in wound healing therefore represents a novel strategy to 
accelerate wound healing in diabetics and in non-diabetics with impaired wound healing 
5 abilities. Topical adminstration can be in the form of attachment to a band-aid. Additonally, 
nano-polymers and nano-particles can be used as a marix for local delivery of thyrid hormone 
and its analogs. This will aid in time controlled delivery into the cellular and tissue target. 

Accordingly, another embodiment of the invention features methods for treating 
wounds by promoting angiogenesis by administering to a subject in need thereof an amount of 
10 a polymeric form of thyroid hormone, or an analog thereof, effective for promoting 
angiogenesis. For details, see Example 9. 

The Role of Thyroid Hormone, Analogs, and Polymeric Conjugations in Inhibiting 
Angiogenesis 

The invention also provides, in another part, compositions and methods for inhibiting 
15 angiogenesis in a subject in need thereof. Conditions amenable to treatment by inhibiting 

angiogenesis include, for example, primary or metastatic tumors and diabetic retinopathy. The 
compositions can include an effective amount of TETRAC, TRIAC or mAb LM609. The 
compositions can be in the form of a sterile, injectable, pharmaceutical formulation that 
includes an anti-angiogenically effective amount of an anti-angiogenic substance in a 
20 physiologically and pharmaceutically acceptable carrier, optionally with one or more 
excipients. 

In a further aspect, the invention provides methods for treating a condition amenable to 
treatment by inhibiting angiogenesis by administering to a subject in need thereof an amount of 
an anti-angiogenesis agent effective for inhibiting angiogenesis. 

25 Examples of the anti-angiogenesis agents used for inhibiting angiogenesis are also provided 

by the invention and include, but are not limited to, tetraiodothyroacetic acid (TETRAC), 
triiodothyroacetic acid (TRIAC), monoclonal antibody LM609, or combinations thereof. Such 
anti-angiogenesis agents can act at the cell surface to inhibit the pro-angiogenesis agents. 
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Cancer-Related New Blood Vessel Growth 

Examples of the conditions amenable to treatment by inhibiting angiogenesis include, but 
are not limited to, primary or metastatic tumors. In such a method, compounds which inhibit the 
thyroid hormone-induced angiogenic effect are used to inhibit angiogenesis. Details of such a 
5 method is illustrated in Example 12. 

Diabetic Retinopathy 

Examples of the conditions amenable to treatment by inhibiting angiogenesis include, but 
are not limited to diabetic retinopathy, and related conditions. In such a method, compounds which 
inhibit the thyroid hormone-induced angiogenic effect are used to inhibit angiogenesis. Details of 
1 o such a method is illustrated in Examples 8 A and B. 

It is known that proliferative retinopathy induced by hypoxia (rather than diabetes) depends 
upon alphaV (aV) integrin expression (E Chavakis et al., Diabetologia 45:262-267, 2002). It is 
proposed herein that thyroid hormone action on a specific integrin alphaVbeta-3 (aVp3) is 
permissive in the development of diabetic retinopathy. Integrin <xVP3 is identified herein as the 
15 cell surface receptor for thyroid hormone. Thyroid hormone, its analogs, and polymer 
conjugations, act via this receptor to induce angiogenesis. 

Methods of Treatment 

Thyroid hormone analogs, polymeric forms, and derivatives can be used in a method for 
20 promoting angiogenesis in a patient in need thereof. The method involves the co-administration of 
an effective amount of thyroid hormone analogs, polymeric forms, and derivatives in low, daily 
dosages for a week or more. The method may be used as a treatment to restore cardiac function 
after a myocardial infarction. The method may also be used to improve blood flow in patients with 
coronary artery disease suffering from myocardial ischemia or inadequate blood flow to areas other 
25 than the heart, for example, peripheral vascular disease, for example, peripheral arterial occlusive 
disease, where decreased blood flow is a problem. 

The compounds can be administered via any medically acceptable means which is suitable 
for the compound to be administered, including oral, rectal, topical or parenteral (including 
subcutaneous, intramuscular and intravenous) administration. For example, adenosine has a very 
30 short half-life. For this reason, it is preferably administered intravenously. However, adenosine 
A.sub.2 agonists have been developed which have much longer half-lives, and which can be 
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administered through other means. Thyroid hormone analogs, polymeric forms, and derivatives can 
be administered, for example, intravenously, oral, topical, intranasal administration. 

In some embodiments, the thyroid hormone analogs, polymeric forms, and derivatives are 
administered via different means. 
5 The amounts of the thyroid hormone, its analogs, polymeric forms, and derivatives required 

to be effective in stimulating angio genesis will, of course, vary with the individual being treated 
and is ultimately at the discretion of the physician. The factors to be considered include the 
condition of the patient being treated, the efficacy of the particular adenosine A.sub.2 receptor 
agonist being used, the nature of the formulation, and the patient's body weight. Occlusion-treating 
10 dosages of thyroid hormone analogs or its polymeric forms, and derivatives are any dosages that 
provide the desired effect. 

Formulations 

The compounds described above are preferably administered in a formulation including thyroid 
15 hormone analogs or its polymeric forms, and derivatives together with an acceptable carrier for the 
mode of administration. Any formulation or drug delivery system containing the active ingredients, 
which is suitable for the intended use, as are generally known to those of skill in the art, can be 
used. Suitable pharmaceutical^ acceptable carriers for oral, rectal, topical or parenteral (including 
subcutaneous, intraperitoneal, intramuscular and intravenous) administration are known to those of 
20 skill in the art. The carrier must be pharmaceutical^ acceptable in the sense of being compatible 
with the other ingredients of the formulation and not deleterious to the recipient thereof. 

Formulations suitable for parenteral administration conveniently include sterileaqueous 
preparation of the active compound, which is preferably isotonic with the blood of the 
25 recipient. Thus, such formulations may conveniently contain distilled water, 5% dextrose in 
distilled water or saline. Useful formulations also include concentrated solutions or solids 
containing the compound of formula (I), which upon dilution with an appropriate solvent give a 
solution suitable for parental administration above. 

30 For enteral administration, a compound can be incorporated into an inert carrier in 

discrete units such as capsules, cachets, tablets or lozenges, each containing a predetermined 
amount of the active compound; as a powder or granules; or a suspension or solution in an 
aqueous liquid or non-aqueous liquid, e.g., a syrup, an elixir, an emulsion or a draught. Suitable 

26 



WO 2005/027895 



PCT/US2004/030583 



carriers may be starches or sugars and include lubricants, flavorings, binders, and other 
materials of the same nature. 

A tablet may be made by compression or molding, optionally with one or more 
accessory ingredients. Compressed tablets may be prepared by compressing in a suitable 
machine the active compound in a free-flowing form, e.g., a powder or granules, optionally 
mixed with accessory ingredients, e.g., binders, lubricants, inert diluents, surface active or 
dispersing agents. Molded tablets may be made by molding in a suitable machine, a mixture of 
the powdered active compound with any suitable carrier. 

A syrup or suspension may be made by adding the active compound to a concentrated, 
aqueous solution of a sugar, e.g., sucrose, to which may also be added any accessory 
ingredients. Such accessory ingredients may include flavoring, an agent to retard crystallization 
of the sugar or an agent to increase the solubility of any other ingredient, e.g., as a polyhydric 
alcohol, for example, glycerol or sorbitol. 

Formulations for rectal administration may be presented as a suppository with a 
conventional carrier, e.g., cocoa butter or Witepsol S55 (trademark of Dynamite Nobel 
Chemical, Germany), for a suppository base. 

Alternatively, the compound may be administered in liposomes or microspheres (or 
microparticles). Methods for preparing liposomes and microspheres for administration to a 
patient are well known to those of skill in the art. U.S. Pat. No. 4,789,734, the contents of 
which are hereby incorporated by reference, describes methods for encapsulating biological 
materials in liposomes. Essentially, the material is dissolved in an aqueous solution, the 
appropriate phospholipids and lipids added, along with surfactants if required, and the material 
dialyzed or sonicated, as necessary. A review of known methods is provided by G. Gregoriadis, 
Chapter 14, "Liposomes," Drug Carriers in Biology and Medicine, pp. 287-341 (Academic 
Press, 1979). 
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Microspheres formed of polymers or proteins are well known to those skilled in the art, 
and can be tailored for passage through the gastrointestinal tract directly into the blood stream. 
Alternatively, the compound can be incorporated and the microspheres, or composite of 
microspheres, implanted for slow release over a period of time ranging from days to months. 
See, for example, U.S. Pat. Nos. 4,906,474, 4,925,673 and 3,625,214, and Jein, TIPS 19:155- 
157 (1998), the contents of which are hereby incorporated by reference. 

In one embodiment, the thyroid hormone analogs or its polymeric forms, and adenosine 
derivatives can be formulated into a liposome or microparticle, which is suitably sized to lodge 
in capillary beds following intravenous administration. When the liposome or microparticle is 
lodged in the capillary beds surrounding ischemic tissue, the agents can be administered locally 
to the site at which they can be most effective. Suitable liposomes for targeting ischemic tissue 
are generally less than about 200 nanometers and are also typically unilamellar vesicles, as 
disclosed, for example, in U.S. Pat. No. 5-593,688 to Baldeschweiler, entitled "Liposomal 
targeting of ischemic tissue," the contents of which are hereby incorporated by reference. 

Preferred microparticles are those prepared from biodegradable polymers, such as 
polyglycolide, polylactide and copolymers thereof. Those of skill in the art can readily 
determine an appropriate carrier system depending on various factors, including the desired rate 
of drug release and the desired dosage. 

In one embodiment, the formulations are administered via catheter directly to the inside 
of blood vessels. The administration can occur, for example, through holes in the catheter. In 
those embodiments wherein the active compounds have a relatively long half life (on the order 
of 1 day to a week or more), the formulations can be included in biodegradable polymeric 
hydrogels, such as those disclosed in U.S. Pat. No. 5,410,016 to Hubbell et al. These polymeric 
hydrogels can be delivered to the inside of a tissue lumen and the active compounds released 
over time as the polymer degrades. If desirable, the polymeric hydrogels can have 
microparticles or liposomes which include the active compound dispersed therein, providing 
another mechanism for the controlled release of the active compounds. 
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The formulations may conveniently be presented in unit dosage form and may be 
prepared by any of the methods well known in the art of pharmacy. All methods include the 
step of bringing the active compound into association with a carrier, which constitutes one or 
5 more accessory ingredients. In general, the formulations are prepared by uniformly and 
intimately bringing the active compound into association with a liquid carrier or a finely 
divided solid carrier and then, if necessary, shaping the product into desired unit dosage form. 



The formulations can optionally include additional components, such as various 
10 biologically active substances such as growth factors (including TGF-.beta., basic fibroblast 
growth factor (FGF2), epithelial growth factor (EGF), transforming growth factors .alpha, and 
.beta. (TGF alpha, and beta.), nerve growth factor (NGF), platelet-derived growth factor 
(PDGF), and vascular endothelial growth factor/vascular permeability factor (VEGF/VPF)), 
antiviral, antibacterial, anti-inflammatory, immunosuppressant, analgesic, vascularizing agent, 
1 5 and cell adhesion molecule. 



In addition to the aforementioned ingredients, the formulations may further include one 
or more optional accessory ingredient(s) utilized in the art of pharmaceutical formulations, e.g., 
diluents, buffers, flavoring agents, binders, surface active agents, thickeners, lubricants, 
20 suspending agents, preservatives (including antioxidants) and the like. 



Materials & Methods 

Reagents: All reagents were chemical grade and purchased from Sigma Chemical Co. 
(St. Louis, MO) or through VWR Scientific (Bridgeport, NJ). Cortisone acetate, bovine serum 
25 albumin (BSA) and gelatin solution (2% type B from bovine skin) were purchased from Sigma 
Chemical Co. Fertilized chicken eggs were purchased from Charles River Laboratories, 
SPAFAS Avian Products & Services (North Franklin, CT). T4 , 3,5,3 '-triiodo-L-thyronine (T3 
), tetraiodothyroacetic acid (tetrac), T4 -agarose, and 6-N-propyl-2-thiouracil (PTU) were 
obtained from Sigma; PD 98059 from Calbiochem; and CGP41251 was a gift from Novartis 
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Pharma (Basel, Switzerland). Polyclonal anti-FGF2 and monoclonal anti- p-actin were obtained 
from Santa Cruz Biotechnology and human recombinant FGF2 from Invitrogen. Polyclonal 
antibody to phosphorylated ERK1/2 was from New England Biolabs and goat anti-rabbit IgG 
fromDAKO. 



Chorioallantoic membrane (CAM) Model of Angiogenesis: In vivo Neovascularization 
was examined by methods described previously. 9-12 Ten-day-old chick embryos were 
purchased from SPAFAS (Preston, CT) and incubated at 37°C with 55% relative humidity. A 
hypodermic needle was used to make a small hole in the shell concealing the air sac, and a 

10 second hole was made on the broad side of the egg, directly over an avascular portion of the 
embryonic membrane that was identified by candling. A false air sac was created beneath the 
second hole by the application of negative pressure at the first hole, causing the CAM to 
separate from the shell A window approximately 1 .0 cm 2 was cut in the shell over the 
dropped CAM with a small-crafts grinding wheel (Dremel, division of Emerson Electric Co.), 

1 5 allowing direct access to the underlying CAM. FGF2 (1 |ig/mL) was used as a standard 

proangiogenic agent to induce new blood vessel branches on the CAM of 10-day-old embryos. 
Sterile disks of No. 1 filter paper (Whatman International) were pretreated with 3 mg/mL 
cortisone acetate and 1 mmol/L PTU and air dried under sterile conditions. Thyroid hormone, 
hormone analogues, FGF2 or control solvents, and inhibitors were then applied to the disks and 

20 the disks allowed to dry. The disks were then suspended in PBS and placed on growing CAMs. 
Filters treated with T4 or FGF2 were placed on the first day of the 3-day incubation, with 
antibody to FGF2 added 30 minutes later to selected samples as indicated. At 24 hours, the 
MAPK cascade inhibitor PD 98059 was also added to CAMs topically by means of the filter 
disks. 



Microscopic Analysis of CAM Sections: After incubation at 37°C with 55% relative 
humidity for 3 days, the CAM tissue directly beneath each filter disk was resected from control 
and treated CAM samples. Tissues were washed 3X with PBS, placed in 35-mm Petri dishes 
(Nalge Nunc), and examined under an SV6 stereomicroscope (Zeiss) at X50 magnification. 
30 Digital images of CAM sections exposed to filters were collected using a 3-charge-coupled 
device color video camera system (Toshiba) and analyzed with Image-Pro software (Media 
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Cybernetics). The number of vessel branch points contained in a circular region equal to the 
area of each filter disk were counted. One image was counted in each CAM preparation, and 
findings from 8 to 10 CAM preparations were analyzed for each treatment condition (thyroid 
hormone or analogues, FGF2, FGF2 antibody, PD 98059). In addition, each experiment was 
5 performed 3 times. The resulting angiogenesis index is the mean ±SEM of new branch points in 
each set of samples. 



FGF2 Assays: ECV304 endothelial cells were cultured in M199 medium supple 
mented with 10% fetal bovine serum. ECV304 cells (10 6 cells) were plated on 0.2% gel-coated 
1 o 24-well plates in complete medium overnight, and the cells were then washed with serum-free 
medium and treated with T4 or T3 as indicated. After 72 hours, the supernatants were harvested 
and assays for FGF performed without dilution using a commercial ELIS A system (R&D 
Systems). 

MAPK Activation: ECV304 endothelial cells were cultured in M199 medium with 
15 0.25% hormone-depleted serum 13 for 2 days. Cells were then treated with T4 (10' 7 mol/L) for 
15 minutes to 6 hours. In additional experiments, cells were treated with T4 or FGF2 or with 
T4 in the presence of PD 98059 or CGP41251. Nuclear fractions were pre-pared from all 
samples by our method reported previously, the proteins separated by polyacrylamide gel 
electrophoresis, and transferred to membranes for immunoblotting with antibody to 
20 phosphorylated ERK 1/2. The appearance of nuclear phosphorylated ERK1/2 signifies 
activation of these MAPK isoforms by T4 . 

Reverse Transcription-Polymerase Chain Reaction: Confluent ECV304 cells in 10- 
cm plates were treated with T4 (10" 7 mol/L) for 6 to 48 hours and total RNA extracted using 
guanidinium isothiocyanate (Biotecx Laboratories). RNA (1 p,g) was subjected to reverse 

25 transcription-polymerase chain reaction (RT-PCR) using the Access RT-PCR system 
(Promega). Total RNA was reverse transcribed into cDNA at 48°C for 45 minutes, then 
denatured at 94°C for 2 minutes. Second-strand synthesis and PCR amplification were 
performed for 40 cycles with denaturation at 94°C for 30 s, annealing at 60°C for 60 s, and 
extension at 68°C for 120 s, with final ex-tension for 7 minutes at 68°C after completion of all 

30 cycles. PCR primers for FGF2 were as follows: FGF2 sense strand 5'- 
TGGTATGTGGC ACTGAAACG-3 * (SEQ ID NO:l), antisense strand 5' 
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CTCAATGACCTGGCGAAGAC-3 ' (SEQ ID NO:2); the length of the PCR product was 734 
bp.. Primers for GAPDH included the sense strand 5 ' - AAGGTC ATCCCTGAGCTG AACG-3 ' 
(SEQ ID NO:3), and antisense strand 5 '-GGGTGTCGCTGTTGAAGTCAGA-3 ' (SEQ ID 
NO:4); the length of the PCR product was 21 8 bp. The products of RT-PCR were separated by 
5 electrophoresis on 1.5% agarose gels and visualized with ethidium bromide. The target bands 
of the gel were quantified using Lablmage software (Kapelan), and the value for 
[FGF2/GAPDH]X10 calculated for each time point. 

Statistical Analysis: Statistical analysis was performed by 1-way ANOVA comparing 
experimental with control samples. 

10 In vivo angiogenesis in Matrigel FGF 2 or Cancer cell lines implant in mice: In Vivo 

Murine Angiogenesis Model: The murine matrigel model will be conducted according to 
previously described methods (Grant et al., 1991; Okada et al., 1995) and as implemented in 
our laboratory (Powel et al., 2000). Briefly, growth factor free matrigel (Becton Dickinson, 
Bedford MA) will be thawed overnight at 4°C and placed on ice. Aliquots of matrigel will be 

1 5 placed into cold polypropylene tubes and FGF2, thyroid hormone analogs or cancer cells (1 x 
10 6 cells) will be added to the matrigel. Matrigel with Saline, FGF2, thyroid hormone analogs 
or cancer cells will be subcutaneously injected into the ventral midline of the mice. At day 14, 
the mice will be sacrificed and the solidified gels will be resected and analyzed for presence of 
new vessels. Compounds A-D will be injected subcutaneously at different doses. Control and 

20 experimental gel implants will be placed in a micro centrifuge tube containing 0.5 ml of cell 
lysis solution (Sigma, St. Louis, MO) and crushed with a pestle. Subsequently, the tubes will 
be allowed to incubate overnight at 4°C and centrifuged at 1,500 x g for 15 minutes on the 
following day. A 200 \x\ aliquot of cell lysate will be added to 1.3 ml of Drabkin's reagent 
solution (Sigma, St. Louis, MO) for each sample. The solution will be analyzed on a 

25 spectrophotometer at a 540 nm. The absorption of light is proportional to the amount of 
hemoglobin contained in the sample. 

Tumor growth and metastasis - Chick Chorioallantoic Membrane (CAM) model of 
tumor implant: The protocol is as previously described (Kim et al., 2001). Briefly, 1 x 10 7 
tumor cells will be placed on the surface of each CAM (7 day old embryo) and incubated for 
30 one week. The resulting tumors will be excised and cut into 50 mg fragments. These fragments 
will be placed on additional 10 CAMs per group and treated topically the following day with 25 
|xl of compounds (A-D) dissolved in PBS. Seven days later, tumors will then be excised from 
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the egg and tumor weights will be determined for each CAM. Figure 8 is a diagrammatic 
sketch showing the steps involved in the in vivo tumor growth model in the CAM. 

The effects of TETRAC, TRIAC, and thyroid hormone antagonists on tumor growth 
rate, tumor angiogenesis, and tumor metastasis of cancer cell lines can be determined. 

5 Tumor growth and metastasis -Tumor Xenograft model in mice: The model is as 

described in our publications by Kerr et al., 2000; Van Waes et al., 2000; Ah et al., 2001; and 
Ali et al., 2001, each of which is incorporated herein by reference in its entirety). The anti- 
cancer efficacy for TETRAC, TRIAC, and other thyroid hormone antagonists at different doses 
and against different tumor types can be determined and compared. 

10 Tumor growth and metastasis -Experimental Model of Metastasis: The model is as 

described in our recent publications (Mousa, 2002; Amirkhosravi et al., 2003a and 2003b, each 
of which is incorporated by reference herein in its entirety). Briefly, B16 murine malignant 
melanoma cells (ATCC, Rockville, MD) and other cancer lines will be cultured in RPMI 1640 
(Invitrogen, Carlsbad, CA), supplemented with 10% fetal bovine serum, penicillin and 

15 streptomycin (Sigma, St. Louis, MO). Cells will be cultured to 70% confluency and harvested 
with trypsin-EDTA (Sigma) and washed twice with phosphate buffered saline (PBS). Cells will 
be re-suspended in PBS at a concentration of either 2.0 x 10 5 cells/ml for experimental 
metastasis. Animals: C57/BL6 mice (Harlan, Indianapolis, Indiana) weighing 18-21 grams will 
be used for this study. All procedures are in accordance with IACUC and institutional 

20 guidelines. The anti-cancer efficacy for TETRAC, TRIAC, and other thyroid hormone 
antagonists at different doses and against different tumor types can be determined and 
compared. 

Effect of thyroid hormone analogues on angiogenesis. 

T4 induced significant increase in angiogenesis index (fold increase above basal) in the 

25 CAM model. T3 at 0.001-1.0 nM or T4 at 0.1-1 .0 \xM achieved maximal effect in producing 2- 
2.5 fold increase in angiogenesis index as compared to 2-3 fold increase in angiogenesis index 
by 1 |xg of FGF2 (Table 1 and Figure la and lb). The effect of T4 in promoting angiogenesis 
(2-2.5 fold increase in angiogenesis index) was achieved in the presence or absence of PTU, 
which inhibit T4 to T3 conversion. T3 itself at 91-100 nM)-induced potent pro-angiogenic 

30 effect in the CAM model. T4 agarose produced similar pro-angiogenesis effect to that achieved 
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by T4. The pro-angiogenic effect of either T4 or T4-agarose was 100% blocked by TETRAC or 
TRIAC. 

Enhancement of pro-angiogenic activity of FGF2 by sub-maximal concentrations ofT 4 . 
5 The combination of T4 and FGF2 at sub-maximal concentrations resulted in an additive 

increase in the angiogenesis index up to the same level like the maximal pro-angiogenesis 
effect of either FGF2 or T4 (Figure 2), 

Effects of MAPK cascade inhibitors on the pro-angiogenic actions ofT 4 andFGfl n 
1 o the CAM model. The pro-angiogenesis effect of either T4 or FGF2 was totally blocked by PD 
98059 at 0.8 - 8 ^ig (Figure 3). 

Effects of specific integrin av$3 antagonists on the pro-angiogenic actions ofT 4 and 
FGf2 n the CAM model The pro-angiogenesis effect of either T4 or FGF2 was totally blocked 
15 by the specific monoclonal antibody LM609 at 1 0 jig (Figure 4a and 4b). 

The CAM assay has been used to validate angiogenic activity of a variety of growth 
factors and other promoters or inhibitors of angiogenesis (2-9). In the present studies, T4 in 
physiological concentrations was shown to be pro-angiogenic, with comparable activity to that 

20 of FGF2. The presence of PTU did not reduce the effect of T 4 , indicating that de-iodination of 
T 4 to generate T3 was not a prerequisite in this model. Because the appearance of new blood 
vessel growth in this model requires several days, we assumed that the effect of thyroid 
hormone was totally dependent upon the interaction of the nuclear receptor for thyroid 
hormone (TR).Actions of iodothyronines that require intranuclear complexing of TR with its 

25 natural ligand, T 3 , are by definition, genomic, and culminate in gene expression. On the other 
hand, the preferential response of this model system to T 4 -rather than T 3 , the natural ligand of 
TR raised the possibility that angiogenesis might be initiated non-gnomically at the plasma 
membrane by T4 and culminate in effects that require gene transcription. Non-genomic actions 
of T 4 have been widely described, are usually initiated at the plasma membrane and may be 

30 mediated by signal transduction pathways. They do not require intranuclear ligand binding of 
iodothyronine and TR, but may interface with or modulate gene transcription. Non-genomic 
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actions of steroids have also been well-described and are known to interface with genomic 
actions of steroids or of other compounds. Experiments carried out with T4 and tetrac or with 
agarose^ indicated that the pro-angiogenic effect of T4 indeed very likely was initiated at the 
plasma membrane. We have shown elsewhere that tetrac blocks membrane-initiated effects of 
5 T4, but does not, itself, activate signal transduction . Thus, it is a probe for non-genomic actions 
of thyroid hormone. Agarose^ is thought not to gain entry to the cell interior and has been 
used by us and others to examine models for possible cell surface-initiated actions of the 
hormone. 

1 0 These results suggest that another consequence of activation of MAPK by thyroid 

hormone is new blood vessel growth. The latter is initiated nongenomically, but of course 
requires a consequent complex gene transcription program. 

The ambient concentrations of thyroid hormone are relatively stable. The CAM model, 
15 at the time we tested it, was thyroprival and thus may be regarded as a system, which does not 
reproduce the intact organism. We propose that circulating levels of T4 serve, with a variety of 
other regulators, to modulate the sensitivity of vessels to endogenous angiogenic factors, such 
as VEGF and FGF2. 

20 The invention will be further illustrated in the following non-limiting examples. 

EXAMPLES 

Example 1. Effect of Thyroid Hormone on Angiogenesis: As seen in Figure 1A and 
summarized in Figure IB, both L-T4 and L-T3 enhanced angiogenesis in the CAM assay. T4, 
25 at a physiologic total concentration in the medium of 0. 1 nmol/L, increased blood vessel branch 
formation by 2.5-fold (PO.001). T3 (1 nmol/L) also stimulated angiogenesis 2-fold. The 
possibility that T4 was only effective because of conversion of T4 to T3 by cellular 5'- 
monodeiodinase was ruled out by the finding that the deiodinase inhibitor PTU had no 
inhibitory effect on angiogenesis produced by T4. PTU was applied to all filter disks used in 
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the CAM model. Thus, T4 and T3 promote new blood vessel branch formation in a CAM 
model that has been standardized previously for the assay of growth factors. 

Example 2. Effects of T4-Agarose and Tetrac: We have shown previously that T4- 
5 agarose stimulates cellular signal transduction pathways initiated at the plasma membrane in 
the same manner as T4 and that the actions of T4 and T4-agarose are blocked by a deaminated 
iodothyronine analogue, tetrac, which is known to inhibit binding of T4 to plasma membranes. 
In the CAM model, the addition of tetrac (0.1 (xmol/L) inhibited the action of T4 (Figure 2A), 
but tetrac alone had no effect on angiogenesis (Figure 2C). The action of T4-agarose, added at 
10 a hormone concentration of 0. 1 pmol/L, was comparable to that of T4 in the CAM model 

(Figure 2B), and the effect of T4-agarose was also inhibited by the action of tetrac (Figure 2B; 
summarized in 2C). 

Example 3. Enhancement of Proangiogenic Activity of FGF2 by a Submaximal 

1 5 Concentration of T4: Angiogenesis is a complex process that usually requires the 

participation of polypeptide growth factors. The CAM assay requires at least 48 hours for 
vessel growth to be manifest; thus, the apparent plasma membrane effects of thyroid hormone 
in this model are likely to result in a complex transcriptional response to the hormone. 
Therefore, we determined whether FGF2 was involved in the hormone response and whether 

20 the hormone might potentiate the effect of subphysiologic levels of this growth factor. T4 (0.05 
jxmol/L) and FGF2 (0.5 p.g/mL) individually stimulated angiogenesis to a modest degree 
(Figure 3). The angiogenic effect of this submaximal concentration of FGF2 was enhanced by a 
subphysiologic concentration of T4 to the level caused by 1.0 p,g FGF2 alone. Thus, the effects 
of submaximal hormone and growth factor concentrations appear to be additive. To define 

25 more precisely the role of FGF2 in thyroid hormone stimulation of angiogenesis, a polyclonal 
antibody to FGF2 was added to the filters treated wi{h either FGF2 or T4, and angiogenesis was 
measured after 72 hours. Figure 4 demonstrates that the FGF2 antibody inhibited angiogenesis 
stimulated either by FGF2 or by T4 in the absence of exogenous FGF2, suggesting that the T4 
effect in the CAM assay was mediated by increased FGF2 expression. Control IgG antibody 

30 has no stimulatory or inhibitory effect in the CAM assay. 

Example 4. Stimulation of FGF2 Release From Endothelial Cells by Thyroid 
Hormone: Levels of FGF2 were measured in the media of ECV304 endothelial cells treated 
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with either T4 (0.1 pmol/L) or T3 (0.01 pmol/L) for 3 days. As seen in the Table 2, T3 
stimulated FGF2 concentration in the medium 3.6-fold, whereas T4 caused a 1.4-fold increase. 
This finding indicates that thyroid hormone may enhance the angiogenic effect of FGF2, at 
least in part, by increasing the concentration of growth factor available to endothelial cells. 



5 

Table 2. Effect of T4 and T3 on Release of FGF2 From ECV304 
Endothelial Cells 



Cell Treatment 


FGF2 (pg/mL/10° cells) ■ 


Control 


27.7 ±3.1 


T3 (0.01 junol/L) 


98.8 ±0.5* 


T3 + PD 98059 (2 pmol/L) 


28.4 ±3 .2 


T3 + PD 98059 (20 nmol/L) 


21.7 ±3.5 


T4(0.1mnol/L) 


39.2±2.8f 


T4+PD98059(2pmoI/L) 


26.5 ±4.5 


T4 + PD 98059 (20 pmol/L) 


23.2 ±4.8 



*P<0.001, comparing T3-treated samples with control samples by ANOVA; 



10 |P<0.05, comparing T4-treated samples with control samples by ANOVA. 

Example 5. Role of the ERK1/2 Signal Transduction Pathway in Stimulation of 
Angiogenesis by Thyroid Hormone and FGF2: A pathway by which T4 exerts a 
nongenomic effect on cells is the MAPK signal transduction cascade, specifically that of 

15 ERK1/2 activation. We know that T4 enhances ERK1/2 activation by epidermal growth factor. 
The role of the MAPK pathway in stimulation by thyroid hormone of FGF2 expression was 
examined by the use of PD 98059 (2 to 20 pmol/L), an inhibitor of ERK1/2 activation by the 
tyrosine-threonine kinases MAPK kinase- 1 (MEK1) and MEK2. The data in the Table 
demonstrate that PD 98059 effectively blocked the increase in FGF2 release from ECV304 

20 endothelial cells treated with either T4 or T3. Parallel studies of ERK1/2 inhibition were 

performed in CAM assays, and representative results are shown in Figure 5. A combination of 
T3 and T4, each in physiologic concentrations, caused a 2.4-fold increase in blood vessel 
branching, an effect that was completely blocked by 3 pmol/L PD 98059 (Figure 5A). FGF2 
stimulation of branch formation (2.2-fold) was also effectively blocked by this inhibitor of 

25 ERK1/2 activation (Figure 5B). Thus, the proangiogenic effect of thyroid hormone begins at 
the plasma membrane and involves activation of the ERK1/2 pathway to promote FGF2 release 
from endothelial cells. ERK1/2 activation is again required to transduce the FGF2 signal and 
cause new blood vessel formation. 
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Example 6. Action of Thyroid Hormone and FGF2 on MAPK Activation 
Stimulation of phosphorylation and nuclear translocation of ERK1/2 MAPKs was studied in 
ECV304 cells treated with T4 (10" 7 mol/L) for 15 minutes to 6 hours. The appearance of 
phosphorylated ERK1/2 in cell nuclei occurred within 15 minutes of T4 treatment, reached a 
maximal level at 30 minutes, and was still apparent at 6 hours (Figure 6A). This effect of the 
hormone was inhibited by PD 98059 (Figure 6B), a result to be expected because this 
compound blocks the phosphorylation of ERK1/2 by MAPK kinase. The traditional protein 
kinase C (PKC)-a, PKC-P, and PKC-y inhibitor CGP41251 also blocked the effect of the 
hormone on MAPK activation in these cells, as we have seen with T4 in other cell lines. 
Thyroid hormone enhances the action of several cytokines and growth factors, such as 
interferon- yl3 and epidermal growth factor. In ECV304 cells, T4 enhanced the MAPK 
activation caused by FGF2 in a 15-minute co incubation (Figure 6C). Applying observations 
made in ECV304 cells to the CAM model, we propose that the complex mechanism by which 
the hormone induces angiogenesis includes endothelial cell release of FGF2 and enhancement 
of the autocrine effect of released FGF2 on angiogenesis. 

Example 7. RT-PCR in ECV304 Cells Treated With Thyroid Hormone: The final 
question addressed in studies of the mechanism of the proangiogenic action of T4 was whether 
the hormone may induce FGF2 gene expression. Endothelial cells were treated with T4 (10~ 7 
molTL) for 6 to 48 hours, and RT-PCR-based estimates of FGF2 and GAPDHRNA (inferred 
from cDNA measurements; Figure 7) were performed. Increase in abundance of FGF2 cDNA, 
corrected for GAPDH content, was apparent by 6 hours of hormone treatment and was further 
enhanced by 48 hours. 

Example 8A. Retinal Neovascularization model in mice (diabetic and non- 
diabetic): To assess the pharmacologic activity of a test article on retinal neovascularization, 
Infant mice are exposed to a high oxygen environment for 7 days and allowed to recover, 
thereby stimulating the formation of new vessels on the retina. Test articles are evaluated to 
determine if retinal neovascularization is suppressed. The retinas are examined with 
hematoxylin-eosin staining and with at least one stain, which demonstrates neovascularization 
(usually a Selectin stain). Other stains (such as PCNA, PAS, GFAP, markers of angiogenesis, 
etc.) can be used. A summary of the model is below: 
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Animal Model 

• Infant mice (P7) and their dams are placed in a hyper-oxygenated environment (70- 
80%) for 7 days. 

• On PI 2, the mice are removed from the oxygenated environment and placed into a 
normal environment 

• Mice are allowed to recover for 5-7 days. 

• Mice are then sacrificed and the eyes collected. 

• Eyes are either frozen or fixed as appropriate 

• The eyes are stained with appropriate histochemical stains 

• The eyes are stained with appropriate immunohistochemical stains 

• Blood, serum, or other tissues can be collected 

• Eyes, with special reference to microvascular alterations, are examined for any and all 
findings. Neovascular growth will be semi quantitatively scored. Image analysis is also 
available. 

Example 8B: Thyroid Hormone and Diabetic Retinopathy 

A protocol disclosed in J de la Cruz et al., J Pharmacol Exp Ther 280:454-459, 
1997, is used for the administration of Tetrac to rats that have streptozotocin (STZ)-induced 
experimental diabetes and diabetic retinopathy. The endpoint is the inhibition by Tetrac of the 
appearance of proliferative retinopathy (angiogenesis). 

Example 9. In vitro human epithelial and fibroblast wound healing: The in vitro 2- 
dimensional wound healing method is as described in Mohamed S, Nadijcka D, Hanson, V. 
Wound healing properties of cimetidine in vitro. Drug Intell Clin Pharm 20: 973-975; 1986, 
incorporated herein by reference in its entirety. Additionally, a 3-dimensional wound healing 
method already established in our Laboratory will be utilized in this study (see below). Data 
show potent stimulation of wound healing by thyroid hormone. 

In Vitro 3D Wound Healing Assay of Human Dermal Fibroblast Cells: 

Step 1: Prepare contracted collagen gels: 

1) Coat 24-well plate with 350ul 2%BSA at RT for 2hr, 
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2) 80% confluent NHDF(normal human dermal fibroblast cells, Passage 5-9) are 
trypsinized and neutralized with growth medium, centrifuge and wash once with PBS 

3) Prepare collagen-cell mixture, mix gently and always on ice: 
Stock solution Final Concentration 

5 SxDMEC lxDMEM 

3mg/ml vitrogen 2mg/ml 
ddH20 optimal 
NHDF 2x10-5 cells/ml 

FBS 1% 
10 4) Aspire 2%BSA from 24 well plate, add collagen-cell mixture 350 
ul/well, and incubate the plate in 37° C C02 incubator. 
5) After lhr, add DMEM+5%FBS medium 0.5ml/well, use a lOul tip 

Detach the collagen gel from the edge of each well, then incubate for 2days. The 
fibroblast cells will contract the collagen gel 

15 

Step 2: Prepare 3D fibrin wound clot and embed wounded collagen culture 

1) Prepare fibrinogen solution (lmg/ml) with or without testing regents. 350ul fibrinogen 
solution for each well in eppendorf tube. 

20 Stock solution Final Concentration 

SxDMEC lxDMEM 

Fibrinogen lmg/ml 

ddH20 optimal 

testing regents optimal concentration 

25 FBS l%or5% 

2) Cut each contracted collagen gel from middle with scissors. Wash the gel with PBS and 
transfer the gel to the center of each well of 24 well plate 

3) Add 1 .5ul of human thrombin (0.25U/ul) to each tube, mix well and then add the 
solution around the collagen gel, the solution will polymerize in 10 mins. 

30 After 20mins, add DMEM+1 %(or 5%) FBS with or without testing agent, 450ul/well 

and incubate the plate in 37° C C02 incubator for up to 5 days. Take pictures on each day. 
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In vivo wound healing in diabetic rats: 

Using an acute incision wound model in diabetic rats, the effects of thyroid hormone 

analogs and its conjugated forms are tested. The rate of wound closure, breaking strength 

analyses and histology are performed periodically on days 3-21. 

5 Example 10. Rodent Model of Myocardial Infarction: The coronary artery ligation 

model of myocardial infarction is used to investigate cardiac function in rats. The rat is 
initially anesthetized with xylazine and ketamine, and after appropriate anesthesia is obtained, 
the trachea is intubated and positive pressure ventilation is initiated. The animal is placed 
supine with its extremities loosely taped and a median sternotomy is performed. The heart is 

10 gently exteriorized and a 6-0 suture is firmly tied around the left anterior descending coronary 
artery. The heart is rapidly replaced in the chest and the thoracotomy incision is closed with a 
3-0 purse string suture followed by skin closure with interrupted sutures or surgical clips. 
Animals are placed on a temperature regulated heating pad and closely observed during 
recovery. Supplemental oxygen and cardiopulmonary resuscitation are administered if 

15 necessary. After recovery, the rat is returned to the animal care facility. Such coronary artery 
ligation in the rat produces large anterior wall myocardial infarctions. The 48 hr. mortality for 
this procedure can be as high as 50%, and there is variability in the size of the infarct produced 
by this procedure. Based on these considerations, and prior experience, to obtain 16-20 rats 
with large infarcts so that the two models of thyroid hormone delivery discussed below can be 

20 compared, approximately 400 rats are required. 

These experiments are designed to show that systemic administration of thyroid 
hormone either before or after coronary artery ligation leads to beneficial effects in intact 
animals, including the extent of hemodynamic abnormalities assessed by echocardiography and 
hemodynamic measurements, and reduction of infarct size. Outcome measurements are 
25 proposed at three weeks post-infarction. Although some rats may have no infarction, or only a 
small infarction is produced, these rats can be identified by normal echocardiograms and 
normal hemodynamics (LV end-diastolic pressure < 8mm Hg). 

Thyroid Hormone Delivery 

There are two delivery approaches. In the first, thyroid hormone is directly injected into 
30 the peri-infarct myocardium. As the demarcation between normal and ischemic myocardium is 
easily identified during the acute open chest occlusion, this approach provides sufficient 
delivery of honnone to detect angiogenic effects. 
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Although the first model is useful in patients undergoing coronary artery bypass 
surgery, and constitutes proof of principle that one local injection induces angiogenesis, a 
broader approach using a second model can also be used. In the second model, a catheter 
retrograde is placed into the left ventricle via a carotid artery in the anesthetized rat prior to 
5 inducing myocardial infarction. Alternatively, a direct needle puncture of the aorta, just above 
the aortic valve, is performed. The intracoronary injection of the thyroid hormone is then 
simulated by abruptly occluding the aorta above the origin of the coronary vessels for several 
seconds, thereby producing isovolumic contractions. Thyroid hormone is then injected into the 
left ventricle or aorta immediately after aortic constriction. The resulting isovolumic 
1 o contractions propel blood down the coronary vessels perfusing the entire myocardium with 
thyroid hormone. This procedure can be done as many times as necessary to achieve 
effectiveness. The number of injections depends on the doses used and the formation of new 
blood vessels. 

Echocardiography: 

15 A method for obtaining 2-D and M-mode echocardiograms in unanesthetized rats has 

been developed. Left ventricular dimensions, function, wall thickness and wall motion can be 
reproducibly and reliably measured. The measurement are carried out in a blinded fashion to 
eliminate bias with respect to thyroid hormone administration. 

Hemodynamics: 

20 Hemodynamic measurements are used to determine the degree of left ventricular 

impairment. Rats are anesthetized with isoflurane. Through an incision along the right anterior 
neck, the right carotid artery and the right jugular vein are isolated and cannulated with a 
pressure transducing catheter (Millar, SPR-612, 1.2 Fr). The following measurements are then 
made: heart rate, systolic and diastolic BP, mean arterial pressure, left ventricular systolic and 

25 end-diastolic pressure, and + and -dP/dt. Of particular utility are measurements of left 

ventricular end-diastolic pressure, progressive elevation of which correlates with the degree of 
myocardial damage. 

Infarct Size: 

Rats are sacrificed for measurement of infarct size using TTC methodology. 
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Morphometry 

Microvessel density [microvessels/mm 2 ] will be measured in the infarct area, peri- 
infarct area, and in the spared myocardium opposing the infarction, usually the posterior wall. 
From each rat, 7-10 microscopic high power fields [x400] with transversely sectioned 
5 myocytes will be digitally recorded using Image Analysis software. Microvessels will be 

counted by a blinded investigator. The microcirculation will be defined as vessels beyond third 
order arterioles with a diameter of 150 micrometers or less, supplying tissue between arterioles 
and venules. To correct for differences in left ventricular hypertrophy, microvessel density will 
be divided by LV weight corrected for body weight. Myocardium from sham operated rats will 
10 serves as controls. 

Example 11: Effects of the ocvp3 antagonists on the pro-angiogenesis effect of T4 or 
FGF2: The ocvp3 inhibitor LM609 totally inhibited both FGF2 or T4-induced pro-angiogenic 
effects in the CAM model at 10 micrograms (Figure 16). 

Example 12: Inhibition of Cancer-Related New Blood Vessel Growth. 
15 A protocol disclosed in J. Bennett, Proc Natl Acad Sci USA 99:221 1-2215, 2002, is 

used for the administration of tetraiodothyroacetic (Tetrac) to SCED mice that have received 
implants of human breast cancer cells (MCF-7). Tetrac is provided in drinking water to raise 
the circulating level of the hormone analog in the mouse model to 10-6 M. The endpoint is the 
inhibitory action of tetrac on angiogenesis about the implanted tumors. 

20 



Other Embodiments 

While the invention has been described in conjunction with the detailed description 
25 thereof, the foregoing description is intended to illustrate and not limit the scope of the 

invention, which is defined by the scope of the appended claims. Other aspects, advantages, 
and modifications are within the scope of the following claims. 
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CLAIMS 



What is claimed is: 



5 



1. 



A method of treating a condition amenable to treatment by promoting 



angiogenesis, said method comprising administering to a subject in need thereof an amount of a 
thyroid hormone, thyroid hormone analog, or polymeric forms thereof, effective for promoting 
angiogenesis in said subject. 

2. The method of claim 1, wherein said condition amenable to treatment by 
10 promoting angiogenesis is selected from the group consisting of: occlusive vascular disease, 
coronary disease, erectile dysfunction, myocardial infarction, ischemia, stroke, peripheral artery 
vascular disorders, and wounds. 



a member selected from the group consisting of: polyvinyl alcohol, acrylic acid ethylene co- 
15 polymer, polyethyleneglycol (PEG), polylactic acid, and agarose. 

4. The method of claim 1, wherein the thyroid hormone analog is levothyroxine 
(T4), triiodothyronine (T3), 3,5-dimethyl-4-(4'-hydroy-3'-isopropylbenzyl)-phenoxy acetic 
acid (GC-1), or 3,5-diiodothyropropionic acid (DITPA). 



20 hormone, thyroid hormone analog, or polymeric forms thereof, is parenteral, oral, rectal, 
topical, or combinations thereof. 

6. The method of claim 5, wherein said parenteral administration is subcutaneous, 
intraperitoneal, intramuscular, intravenous, or combinations thereof. 

7. The method of claim 1, wherein the thyroid hormone, thyroid hormone analog, 
25 or polymeric forms thereof is encapsulated or incorporated in a microparticle, liposome, or 

polymer. 



3. 



The method of claim 1, wherein the thyroid hormone or analog is conjugated to 



5. 



The method of claim 1, wherein the mode of administration of the thyroid 



8. The method of claim 7, wherein the polymer is polyglycolide, polylactide, or co- 
polymers thereof. 
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9. The method of claim 7, wherein the liposome or microparticle has a size of less 
than about 200nm. 

10. The method of claim 7, wherein the liposome or microparticle is administered 
intravenously. 

5 11. The method of claim 1 0, wherein the liposome or microparticle is lodged in 

capillary beds surrounding ischemic tissue. 

12. The method of claim 1 , wherein the thyroid hormone, thyroid hormone analog, 
or polymeric forms thereof is administered via catheter. 

1 3 . The method of claim 1 2, wherein the thyroid hormone, thyroid hormone analog, 
10 or polymeric forms thereof is present in a polymeric system applied to the inside of a blood 

vessel via said catheter. 

14. The method of claim 1, wherein the thyroid hormone, thyroid hormone analog, 
or polymeric forms thereof is co-administered with one or more compounds selected from the 
group consisting of: a growth factor, a vasodilator, an anti-coagulant, and combinations thereof. 

15 15. The method of claim 14, wherein said growth factor is selected from the group 

consisting of: transforming growth factor alpha (TGFa), transforming growth factor beta 
(TGFP), basic fibroblast growth factor, vascular endothelial growth factor, epithelial growth 
factor, nerve growth factor, platelet-derived growth factor, and vascular permeability factor. 

16. The method of claim 14, wherein said vasodilator is adenosine, adenosine 
20 derivatives, or combinations thereof. 

17. The method of claim 14, wherein said anticoagulant is heparin, heparin 
derivatives, anti-factor Xa, anti-thrombin, aspirin, clopidgrel, or combinations thereof. 

18. The method of claim 14, wherein the thyroid hormone, thyroid hormone analog, 
or polymeric forms thereof is administered as a bolus injection prior to or post-administering 

25 said growth factor, vasodilator, anti-coagulant, or combinations thereof. 

19. A method for promoting angiogenesis along or around a medical device, said 
method comprising coating the device with a thyroid hormone, thyroid hormone analog, or 
polymeric forms thereof, prior to inserting the device into a patient. 
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20. The method of claim 19, wherein said coating step further comprises coating the 
device with a growth factor, a vasodilator, an anti-coagulant, or combinations thereof. 

21. The method of claim 19, wherein said medical device is a stent, a catheter, a 
cannula, or an electrode. 

5 22. A method for treating a condition amenable to treatment by inhibiting 

angiogenesis, said method comprising administering to a subject in need thereof an amount of 
an anti-angiogenesis agent effective for inhibiting angiogenesis in said subject. 

23. The method of claim 22, wherein said condition amenable to treatment by 
inhibiting angiogenesis is selected from the group consisting of: a primary or metastatic tumor, 

10 and diabetic retinopathy. 

24. The method of claim 22, wherein said anti-angiogenesis agent is 
tetraiodothyroacetic acid (TETRAC), triiodothyroacetic acid (TRIAC), monoclonal antibody 

. LM609, XT 199 or combinations thereof. 

25. The method of claim 22, wherein the mode of administration of the anti- 
15 angiogenesis agent is parenteral, oral, rectal, topical, or combinations thereof. 

26. The method of claim 22, wherein the anti-angiogenesis agent is co-administered 
with one or more other anti-angiogenesis therapies or chemotherapeutic agents. 

27. The method of claim 22, wherein the anti-angiogenesis agent acts at the cell 
surface. 

20 28. An angiogenic agent comprising a thyroid hormone or analog thereof. 

29. An angiogenic agent comprising a thyroid hormone or analog thereof conjugated 
to a polymer. 

30. The angiogenic agent of claim 29, wherein said analog is selected from those 
compounds recited in Figure 20, Tables A-D. 

25 31. The angiogenic agent of claim 29, wherein said thyroid hormone analog is 

levothyroxine (T4), triiodothyronine (T3), 3,5-dimethyl-4-(4'-hydroy-3'-isopropylben2yl)- 
phenoxy acetic acid (GC-1), or 3,5-diiodothyropropionic acid (DITPA). 
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32. The angiogenic agent of claim 29, wherein said polymer is polyvinyl alcohol, 
acrylic acid ethylene co-polymer^ polyethyleneglycol (PEG), polylactic acid, or agarose. 

33. The angiogenic agent of claim 29, wherein said conjugation is via a covalent or 
non-covalent bond. 

5 34. The angiogenic agent of claim 33, wherein said covalent bond is an ester linkage 

or an anhydride linkage. 

35. A pharmaceutical formulation comprising the angiogenic agent of claim 29 in a 
pharmaceutically acceptable carrier. 

36. The pharmaceutical formulation of claim 35, further comprising one or more 
1 0 pharmaceutically acceptable excipients. 

37. The pharmaceutical formulation of claim 35, wherein said agent is encapsulated 
or incorporated in a microparticle, liposome, or polymer. 

38. The pharmaceutical formulation of claim 37, wherein the liposome or 
microparticle has a size less than 200 nm. 

1 5 39. The pharmaceutical formulation of claim 35, wherein said formulation has a 

parenteral, oral, rectal, or topical mode of administration, or combinations thereof. 

40. The pharmaceutical formulation of claim 35, wherein said formulation is co- 
administered to a subject in need thereof with one or more compounds selected from the group 
consisting of: a growth factor, a vasodilator, an anti-coagulant, and combinations thereof. 

20 
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T 4 andT 3 stimulate angiogenesis in 
the chorioallantoic membrane model 



Treatment Angiogenesis Index 
PBS 63 ±10 

T 3 (1nM) 121 ±18** 

T 4 (0.1jiM) 155 ±11** 

J 



Fig. 1 B 



SUBSTITUTE SHEET (RULE 26) 



WO 2005/027895 



- PCT/US2004/030583 



2/23 




PBS 



T 4 -ag T 4 -ag+Tetrac 



"V" 



Fig.2B 



r 



Summary of effects of T 4 and T 3 -agarose 
and tetrac on angiogenesis 



Treatment 
PBS 

T 4 (0.1uJVt) 

Tetrac (0.1 U.M) 
T 4 + tetrac 

T 4 -agarose (0.1 U.M) 
T 4 -agarose + tetrac 



Angiogenesis Index 

67±9 
156±16** 

76 + 9 

66±6 
194 ±28** 

74±7 
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Effects of FGF2 and T 4 on angiogenesis 

Treatment Angiogenesis Index 

PBS 86±11 
FGF2 (0.5 ^ig/ml) 126 ±17* 

FGF2(1.0|ig/ml) 172 ±9** 

T 4 (0.5nM) 115 ±4* 

T 4 + FGF2 (0.5 p:g/ml) 1 67 ± 1 0** 
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Effects of FGF2 antibody on angiogenesis 
stimulated by T 4 andFGF2 

Treatment Angiogenesis Index 

PBS 92 ±10 

FGF2(1.0^g/ml) 187 ±17* 

FGF2 + FGF2-ab 118 ±7 

T 4 (0.1u.M) 142 ±12* 

T 4 + FGF2-ab 96 ±10 
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Effects of PD 98059 on angiogenesis. 
stimulated byT 4 and FGF2 

Treatment 
PBS 

T 3 (1 nM) +T 4 (0.1 |iM) 
T 3 +T 4 + PD98059(3u.M) 
PBS 

FGF2 (1 ng/ml) 
FGF2 + PD 98059 (3 \lM) 



Fig.SC 



Angiogenesis Index 
63±10 
153±15* 
50±10 
86±11 
191 ±15** 
110±16 



SUBSTITUTE SHEET (RULE 26) 



WO 2005/027895 



PCT/US2004/030583 



6/23 



37 kDa- 



ECV304 cells 
Blot:anti-pMAPK 

~~ *8l1 CS jg { -pERK2 



T 4 - 15m 30m 2h 6h 



Fig. 6A 



ECV304 cells 
Blot:'anti-pMAPK 
1 2 3 4 5 6 



37kDa- 



3$ asr 89 



-pERK1 
-pERK2 



T 4 
CGP 

PD 



- - + + + 
+ - - + - 

Figt6B 



ECV304 cells 
Blofcanti-pMAPK 



37 kDa- 



•pERK1 
•pERK2 



T 4 " 
FGF2 - 



+ - + 
+ + 

Fig. 6C 



SUBSTITUTE SHEET (RULE 26) 



WO 2005/027895 



PCT/US2004/030583 



7/23 



r 



ECV304 cells 
Control 6h 12h 24h 48h 




— V 

Fig. 7 



FGF2 



GAPDH 



Control 6h 12h 24h 48h 
T 4 treatment 



SUBSTITUTE SHEET (RULE 26) 



WO 2005/027895 



PCT/US2004/030583 



8/23 



7 Day Chick Embryo Tumor Growth model 
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